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THE  UTILITY  OF  SAR  TO  MONITOR  OCEAN  PROCESSES 

1 

INTRODUCTION 


Beginning  in  1976,  the  Environmental  Research  Institute  of  Michi¬ 
gan  (ERIM)  has  conducted  research  for  the  Office  of  Naval  Research 
(ONR)  on  the  use  of  Synthetic  Aperture  Radar  (SAR)  to  monitor  ocean 
processes.  Some  of  the  ocean  processes  considered  include:  1)  the 
propagation  of  gravity  waves;  2)  the  formation  of  ocean  fronts;  3) 
the  variability  of  surface  winds  on  the  ocean;  and  4)  the  vari¬ 
ability  of  currents.  During  the  past  two  years  ONR  has  contracted 
ERIM  under  Contract  No.  N0001 4— 76— C— 1 048/ NR387— 1 32  to  process  and 
analyze  SAR  data  collected  during  the  MARSEN  '79  experiment  for  the 
Coastal  Sciences  group  (Code  422CS)  and  to  also  process  and  analyze 
Seasat  SAR  data  collected  during  the  JASIN  experiment  for  the  Physi¬ 
cal  Oceanography  group  (Code  422P0)  of  ONR. 

The  purpose  of  this  report  is  three-fold:  1)  to  present  a  com¬ 
pendium  of  journal  articles,  symposia  papers,  technical  reports  and 
a  Master's  Thesis  which  have  been  written  during  the  past  two  years 
as  a  result  of  ONR-funded  research;  2)  to  present  a  review  of  the 
present  capability  of  SAR  to  monitor  oceanographic  features;  and  3) 
provide  a  summary  of  the  MARSEN  analysis  which  is  presently  being 
prepared  for  journal  submission.  This  report  covers  research  con¬ 
ducted  under  ONR  sponsorship  between  January  1980  and  September  1981. 

In  Section  2,  a  list  of  ONR  funded  articles  and  technical  reports 
is  presented.  In  Section  3,  a  summary  is  given  on  the  present  capa¬ 
bility  of  SAR  to  monitor  ocean  processes.  Found  in  this  section  are 
discussions  on  SAR  sensing  of  ocean  surface  roughness,  SAR  monitoring 
of  gravity  waves,  and  SAR  detection  of  ocean  and  coastal  currents, 
long-period  waves,  internal  waves,  frontal  boundaries,  bottom  topo¬ 
graphic  features,  surface  winds,  surf  zone  conditions,  oil  slicks 
and  sea  ice.  Each  sub-section  of  Section  3  will  briefly  review  the 


present  capability  of  SAR  for  that  particular  application  and  provide 
sufficient  references  for  the  reader  to  obtain  more  information  on 
each  topic  if  desired. 

The  results  from  the  ONR  sponsored  MARSEN  SAR  analysis  are  re¬ 
ported  in  Section  4.  Found  with  the  MARSEN  analysis  are  discussions 
dealing  with  focusing  corrections. 


2 

ERIM  PUBLICATIONS  SUPPORTED  UNDER 
ONR  SPONSORSHIP 


There  are  three  classes  of  documents  published  by  ERIM  during 
the  past  year  that  resulted  from  research  which  were  entirely,  or  in 
part,  sponsored  by  the  Office  of  Naval  Research.  The  first  class 
includes  refereed  journal  articles,  which  are  summarized  in  Table 
1.  The  second  class  includes  papers  presented  at  major  scientific 
meetings  or  symposia;  these  are  summarized  in  Table  2.  The  third 
class  includes  ERIM  technical  reports  and  a  Master's  Thesis;  and 
these  are  summarized  in  Table  3.  Many  of  the  findings  of  these  pub¬ 
lications  are  summarized  in  Section  3,  and  most  of  the  journal 
articles  and  symposia  papers  are  included  in  the  Appendix  to  this 
report. 
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TABLE  1 

SUMMARY  OF  JOURNAL  ARTICLES  RESULTING 
FROM  ONR-SPONSORED  RESEARCH 


♦Jackson,  P.L.  and  R.A.  Shuchman,  A  New  High  Resolution  Two- 
Dimensional  Spectral  Estimation  Technique  for  SAR  Ocean  Wave 
Analysis,  submitted  to  J.  Geophys.  Res.,  1981. 

♦Kasischke,  E.S.,  R.A.  Shuchman,  J.D.  Lyden,  R.H.  Stewart,  J.F. 
Vesecky  and  H.M.  Assal,  Seasat  Observations  of  Ocean  Gravity 
Waves  during  the  JASIN  Experiment,  submitted  to  J .  Geophys . 
Res.,  1981. 

♦McLeish,  W.,  D.  Ross,  R.A.  Shuchman,  P.G.  Teleki,  S.U.  Hsiao, 
O.H.  Shemdin,  and  W.E.  Brown,  Jr.,  Synthetic  Aperture  Radar  Im¬ 
aging  of  Ocean  Waves;  Comparison  with  Wave  Measurements,  J. 
Geophys.  Res.,  Vol.  85,  pp.  5003-5010,  1980. 

♦Meadows,  G.A.,  R.A.  Shuchman,  and  J.D.  Lyden,  Analysis  of  Long- 
Period  Wave  Motions,  submitted  to  J.  Geophy.  Res.,  1981. 

♦Schwab,  D.J.,  R.A.  Shuchman,  and  P.L.  Liu,  Wind  Wave  Directions 
Determined  from  Synthetic  Aperture  Radar  Imagery  and  from  a  Tower 
in  Lake  Michigan,  J.  Geophys.  Res.,  Vol.  86,  pp.  2059-2064,  1981. 

♦Shuchman,  R.A.  and  G.A.  Meadows,  Airborne  Synthetic  Aperture 
Radar  Observations  of  Surf  Zone  Conditions,  Geophys.  Res. 
Letters,  Vol.  7,  pp.  857-880,  1980. 

♦Shuchman,  R.A.,  A.L.  Maffett  and  A.  Klooster,  Static  Modeling 
of  a  SAR  Imaged  Ocean  Scene,  IEEE  J.  Oceanic  Eng.,  Vol.  OE-6, 
pp.  41-49,  1981. 

♦Shuchman,  R.A.,  Processing  Synthetic  Aperture  Radar  Data  of 
Ocean  Waves,  Proceedings  of  the  COSPAR/SCOR/IUCRM  Symposium  on 
Oceanography  from  Space,  Plenum  Publishing  Corp.,  New  York,  pp. 
477-496,  1981. 

♦Vesecky,  J.F.,  R.H.  Stewart,  H.M.  Assal,  R.A.  Shuchman,  E.S. 
Kasischke,  J.D.  Lyden,  Gravity  Waves,  Large-Scale  Surface  Fea¬ 
tures  and  Ships  Observed  by  Seasat  Synthetic  Aperture  Radar  Dur¬ 
ing  the  1978  JASIN  Experiment,  submitted  to  Scien ce  1981. 


*See  Appendix  for  a  Reprint  of  this  paper. 


I 


RADAR  AND  OPTICS  DIVISION 


TABLE  2 

SUMMARY  OF  PAPERS  PRESENTED  AT  SCIENTIFIC 
MEETINGS  AND  SYMPOSIA  RESULTING  FROM 
ONR  SPONSORED  RESEARCH 


Kasischke,  E.S.  and  R.A.  Shuchman,  Comparisons  of  Wave  Contrast 
Measurements  made  from  SAR  Data  with  Selected  Oceanographic 
Parameters,  presented  at  the  Symposium  on  Wave  Dynamics  and 
Radio  Probing  of  the  Ocean  Surface,  Miami,  FL,  May  1981. 

♦Kasischke,  E.S.  and  R.A.  Shuchman,  The  Use  of  Wave  Contrast 
Measurements  in  the  Evaluation  of  SAR/Gravity  Wave  Models,  Proc. 
Fifteenth  Int.  Symp.  Remote  Sens.  Env.,  Ann  Arbor,  MI,  pp. 
7187^1210,  '19817 - 

Kasischke,  E.S.,  R.A.  Shuchman,  J.D.  Lyden,  R.F.  Stewart,  J.F. 
Vesecky,  and  H.A.  Assal,  Seasat  SAR  Observations  of  Ocean  Gravity 
Waves  during  the  JASIN  Experiment,  presented  at  the  AGU  Spring 
Meeting,  Baltimore,  MD,  1981. 

♦Meadows,  G.A.,  E.S.  Kasischke,  and  R.A.  Shuchman,  SAR  Obser¬ 
vations  of  Coastal  Zone  Conditions,  Proc.  Fourteenth  Int.  Symp. 
Remote  Sen s .  Env . ,  Ann  Arbor,  MI,  pp.  845-863,1980. 

♦Shuchman,  R.A.,  Oceanographic  Information  Obtainable  from  Syn¬ 
thetic  Aperture  Radar,  presented  at  the  Symposium  on  Remote 
Sensing  for  Oceanography,  Amagi,  Japan,  September  26-28,  1981. 

Shuchman,  R.A.,  E.S.  Kasischke,  and  G.A.  Meadows,  Detection  of 
Coastal  Zone  Environmental  Conditions  using  Synthetic  Aperture 
Radar,  1981  International  Geoscience  and  Remote  Sensing  Symposium 
Digest,  Washington,  DC,  ppl  756-767,  1981. 

♦Shuchman,  R.A.,  E.S.  Kasischke,  J.D.  Lyden,  and  G.A.  Meadows, 
The  Use  of  Synthetic  Aperture  Radar  (SAR)  to  Measure  Ocean  Grav¬ 
ity  Waves,  presented  at  the  National  Academy  of  Sciences  Special 
Conference  on  Wave  Technology,  Washington,  DC,  April  1981. 

Vesecky,  J.F.,  H.A.  Assal,  R.F.  Stewart,  R.A.  Shuchman,  E.S. 
Kasischke,  and  J.D.  Lyden,  On  the  Ability  of  Synthetic-Aperture 
Radar  to  Measure  Ocean  Waves,  presented  at  the  Symposium  on  Wave 
Dynamics  and  Radio  Probing  of  the  Ocean  Surface,  Miami,  FL,,  May 
1981. 


♦See  Appendix  for  a  Reprint  of  this  paper. 


5 


5*! 


RADAR  AMD  OPTICS  DIVISION 


TABLE  3 

TECHNICAL  REPORTS  AND  MASTERS 
THESIS  RESULTING  FROM  ONR  SPONSORED  RESEARCH 


Kasischke,  E.S.,  Extraction  of  Gravity  Wave  Information  from 
Spaceborne  Synthetic  Aperture  Radar  Data,  Univ.  of  Mich.  M.S. 
Thesis,  Ann  Arbor,  MI,  109  pp.,  1980. 

Shuchman,  R.A.,  K.H.  Knorr,  J.C.  Dwyer,  P.L.  Jackson,  A. 
Klooster,  and  A.L.  Maffett,  Imaging  Ocean  Waves  with  SAR  -  A  SAR 
Ocean  Wave  Algorithm,  ERIM  Internal  Technical  Report  124300-5-T, 
Ann  Arbor,  MI,  129  pp.,  1979  (revised  1980). 

Shuchman,  R.A.,  A.  Klooster,  J.D.  Lyden,  and  C.L.  Liskow,  Engi¬ 
neering  Evaluation  of  ERIM-Generated  Seasat  SAR  Data,  ERIM  In¬ 
formational  Note  151400-1-1,  Ann  Arbor,  MI,  85  pp~  1980 
(revised  1981). 


! 


RADAR  AND  OPTICS  DIVISION 


3 

THE  PRESENT  CAPABILITIES  OF 
SAR  SENSING  OF  THE  OCEAN  SURFACE 

This  section  presents  a  review  of  the  use  of  synthetic  aperture 
radars  to  image  the  ocean  surface  and  infer  sub-surface  conditions. 
The  review  is  not  comprehensive,  but  it  does  present  an  overview  in 
respect  to  the  potential  of  SAR  as  an  ocean  remote  sensor.  Note  that 
the  referencing  of  ERIM  studies  throughout  the  review  is  not  to  imply 
that  other  organizations  are  not  active  in  the  SAR/oceanography 
field,  but  merely  reflects  the  prejudice  of  the  authors. 

3.1  INTRODUCTION 

Considerable  effort  has  been  expended  during  the  past  decade  ex¬ 
ploring  the  potential  use  of  synthetic  aperture  radar  (SAR)  to  moni¬ 
tor  the  resources  and  physical  phenomena  of  the  world's  oceans  and 
coastal  regions,  SAR  data  collected  by  aircraft  and  satellite  have 
demonstrated  the  following  information  is  obtainable  from  SAR  data: 
detection  of  gravity  waves,  determination  of  the  magnitude  and  direc¬ 
tion  of  surface  winds,  detection  of  current  velocity  and  direction, 
detection  of  bottom  features,  identification  of  oceanic  fronts  and 
internal  waves,  detection  of  ship  wakes,  detection  of  oil  slicks, 
classification  of  sea  ice,  and  the  mapping  of  coastal  wetlands.  This 
interest  eventually  resulted  in  the  launch  of  the  Seasat  satellite 
which  contained  a  SAR  as  one  of  its  five  instruments,  and  offered 
the  oceanography  community  a  vast  quantity  of  data  which,  three  years 
after  their  collection,  are  still  being  studied  with  great  enthusi¬ 
asm.  In  addition,  numerous  oceanographic  remote  sensing  missions 
nave  been  flown  by  aircraft  SARs. 

Synthetic  aperture  radar  is  an  active  imaging  device  that  senses 
the  environment  with  short  electromagnetic  waves.  As  active  sensors, 
radars  provide  their  own  illumination  in  the  microwave  region  of  the 
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electromagnetic  spectrum  and  thus  are  not  affected  by  temporal 
cnanges  in  emitted  or  reflected  radiation  from  the  earth's  surface. 
Additionally,  SARs  have  the  recognized  advantage  of  being  able  to 
image  the  earth's  surface  independent  of  weather  conditions  and  to 
provide  synoptic  views  of  the  ocean  at  high  resolution.  The  reso¬ 
lution  of  aircraft  SARs  is  typically  on  the  order  of  a  few  meters 
while  the  Seasat  satellite  SAR  had  a  resolution  of  approximately  25 
meters.  Most  radars  operate  in  the  frequency  region  of  300  MHz  (1 
m)  to  30  GHz  (1  cm),  and  bandwidths  within  this  region  are  commonly 
designated  by  letters.  SARs  discussed  in  this  paper  are  designated 
as  L-band  (23.5  cm)  or  X-band  (3.2  cm). 

Synthetic  aperture  radar  is  a  coherent  airborne  (or  spaceborne) 
radar  that  uses  the  motion  of  a  moderately  broad  physical  antenna 
beam  to  synthesize  a  very  narrow  beam,  thus  providing  fine  azimuthal 
(along-track)  resolution  (Brown  and  Porcello,  1969;  Harger,  1970). 
Fine  range  (cross-track)  resolution  is  achieved  by  transmitting 
either  very  short  pulses  or  longer  coded  pulses  which  are  compressed 
by  matched-filtering  techniques  into  equivalent  short  pulses.  Usu¬ 
ally,  the  coded  pulse  is  a  waveform  linearly  modulated  in  frequency. 

The  data  discussed  throughout  this  report  were  collected  by  both 
aircraft  and  satellite  synthetic  aperture  radars.  The  aircraft  SARs 
include  the  ERIM  X-  and  L-band  SAR,  the  UPD-4  X-band  SAR,  and  the 
JPL  L-band  SAR.  The  satellite  SAR  is  the  Seasat  L-band  SAR.  For  a 
review  of  these  systems,  see  Shuchman,  et  al .  (1981),  Rawson,  et  al . 
(1975),  and  Jordan  (1980). 

As  an  introduction  to  the  SAR /oceanographic  applications  to  be 
discussed,  a  theory  is  presented  as  to  the  imaging  mechanism  which 
allows  SARs  to  detect  a  wide  variety  of  ocean  surface  conditions. 


3.2  SAR  SENSING  OF  OCEAN  SURFACE  ROUGHNESS  (THEORY) 

The  principle  behind  imaging  any  surface  with  a  radar  is  that 
the  backscatter  of  microwave  energy  (echo)  received  by  the  radar  re¬ 
ceiver  contains  information  on  the  roughness  characteristics  (shapes, 
dimensions,  and  orientations)  of  the  reflecting  area.  The  parameters 
that  influence  the  echo  received  from  the  ocean  surface  include  the 
motion  of  the  scattering  surfaces,  the  so-called  speckle  effect, 
system  resolution  and  non-coherent  integration  as  well  as  primary 
contributions  of  scattering  attributable  to  wind,  waves,  surface 
currents  and  surface  tension. 

Although  the  SAR  ocean  imaging  mechanism  is  not  completely  under¬ 
stood,  theories  have  been  developed  to  explain  the  radar  return  from 
the  ocean  surtace.  ,«tast  of  these  theories  surround  SAR  imaging  of 
gravity  waves,  .nJ  these  will  be  addressed  in  detail  below  (Section 
3.3). 

The  most  widely  accepted  theory  for  obtaining  microwave  back¬ 
scatter  from  a  water  surface  is  based  on  Bragg  scattering  (as  pro¬ 
posed  by  Wright,  1966).  Bragg  scattering  is  basically  a  resonant 
reflection  from  a  periodic  surface  of  wave  number: 

Kw  =  2Kr  sin  e,  (1) 

where  K  =  2ir/l  and  KD  =  2*1  \  are  the  wave  numbers  (L  and  x  are 

W  K 

the  wavelengths,  respectively,  of  the  ocean  wave  and  the  radar),  and 
e  is  the  incidence  angle  of  the  radar  beam. 

For  aircraft  systems  discussed  in  this  section  operating  with  a 
nominal  incidence  angle  (e)  of  45°,  use  of  Eq.  (1)  leads  to  a  Bragg 
water  wavelength  of  approximately  2  cm  for  X-band  (x  =  3.2  cm)  and 
17  cm  for  L-band  (x  =»  23.5  cm).  For  the  Seasat  L-band  system,  with 
an  incidence  angle  (e)  of  20°,  use  of  Eq.  (1)  leads  to  approximately 
a  34  cm  wavelength  Bragg  water  wave.  These  waves  represent  the 
capillary  and  ultra-gravity  wave  portion  of  the  water  wave  spectrum. 
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If  the  ocean  surface  on  which  the  Bragg  waves  are  riding  is  flat, 
and  the  viewing  angle  is  not  in  the  specular  direction,  the  amplitude 
of  the  radar  return  from  this  surface  is  proportional  to  the  average 
amplitude  of  the  Bragg  scatterers  (for  the  particular  radar  wave¬ 
length)  in  each  SAR  resolution  element.  Many  physical  oceanic  pro¬ 
cesses  result  in  a  variation  in  the  amplitude  of  the  Bragg  waves 
causing  a  variety  of  patterns  on  SAR  imagery  of  the  ocean  surface. 
These  processes  include  surface  wind,  gravity  waves,  ocean  currents, 
ocean  frontal  boundaries,  internal  waves,  surface  slicks,  temperature 
changes,  ship  wakes  and  rain.  Selected  capillary  wave/oceanic  pro¬ 
cess  interactions  will  be  discussed  in  more  detail  below. 

3.3  SAR  MONITORING  OF  GRAVITY  WAVES 

This  section  will  present  a  brief  summary  of  some  of  the  theories 
as  to  how  a  SAR  images  gravity  waves.  Next,  it  will  summarize  cur¬ 
rent  techniques  used  to  extract  gravity  wave  data  from  SAR  imagery. 
Then,  comparisons  of  SAR  wave  data  to  sea-truth  wave  data  will  be 
discussed.  Finally,  the  limitations  of  SAR  systems  in  monitoring 
gravity  waves,  as  they  are  presently  understood,  will  be  presented. 
This  section  closely  follows  the  work  of  Shuchman,  et  al.  (1981a); 
Beal  (1980);  Elachi  and  Brown  (1977);  and  Alpers,  et  al .  (1981). 

3.3.1  THEORY 

The  first  and  most  widely  accepted  theory  on  SAR  imaging  of 
gravity  waves  is  based  on  Bragg  scattering  (discussed  in  the  previous 
section  3.2).  It  has  been  suggested  by  Phillips  (1981)  and  several 
others  that  the  short  capillary  and  ultra-gravity  waves  (i.e.,  the 
Bragg  waves)  are  modulated  by  the  longer  gravity  waves,  causing  a 
compression  of  the  small  waves  and  an  increase  in  their  height  in 
the  crest  region  of  the  gravity  wave  and  a  height  decrease  and  elon¬ 
gation  of  the  shorter  waves  in  the  trough  region.  This  compression 
and  expansion  is  thought  to  result  from  the  straining  of  the  shorter 
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waves  by  the  orbital  velocity  of  the  gravity  wave  (Wright,  et  al., 
1980;  Alpers  and  Rufenach,  1979).  This  compress ion /expans ion  of  the 
small  waves  causes  certain  portions  of  the  long  wave  to  have  a  higher 
amplitude  of  Bragg  (resonant)  scatterers  than  other  parts  of  the 
wave,  resulting  in  a  SAR  image  modulation  closely  corresponding  to 
the  gravity  wave  field.  Also,  from  a  SAR  standpoint,  the  greater 
the  compress  ion /expans  ion  of  the  small  waves,  the  higher  the  con¬ 
trast  (of  the  gravity  wave  field)  on  the  SAR  imagery.  It  should  be 
noted  that  this  theory  does  not  explain  the  appearance  of  azimuth¬ 
traveling  waves  on  SAR  imagery,  since  in  this  case  the  Bragg  waves 
are  propagating  in  a  direction  perpendicular  to  the  long-period 
gravity  waves  and  are  not  modulated  by  those  waves. 

Other  theories  that  describe  aspects  of  the  SAR  imaging  mechanism 
of  waves  include:  accounting  for  the  change  of  the  local  tilt  angle 
due  to  the  waves;  a  composite  theory  which  accounts  for  the  local 
tilt  of  the  surface  as  well  as  for  Bragg  scattering;  and  a  third 
mechanism  which  is  dependent  upon  the  orbital  velocity  of  the  ocean 
waves  (Elachi  and  Brown,  1977).  This  last  theory,  which  suggests 
that  the  SAR  observed  radial  velocity  (produced  by  the  orbital  ve¬ 
locity  component  of  the  gravity  wave  motion)  produces  a  periodic 
azimuthal  target  displacement,  has  caused  much  discussion. 

This  discussion  has  centered  on  the  effects  of  imaging  a  moving 
target  with  a  synthetic  aperture  radar.  Synthetic  aperture  radar 
signal  histories  are  normally  processed  assuming  there  is  no  movement 
of  the  target  which  was  illuminated  by  the  microwave  beam.  When  the 
target  is  moving,  its  signal  histories  can  be  displaced,  resulting 
in  a  defocusing  and  shifting  of  the  position  of  that  target's  image 
when  processed.  SAR  imaging  of  ocean  gravity  waves  is  a  case  where 
there  is  considerable  along-track  (azimuth)  and  cross-track  (range) 
movement  and  such  a  situation  may  result  in  degradation  of  the  SAR 
image  of  these  waves. 
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Various  new  theories  have  been  formulated  that  try  to  explain 
the  dependence  of  the  SAR  image  on  water  wave  velocity  and  theoreti¬ 
cally  describe  the  SAR  ocean  image  formation  process  (Raney  and 
Shuchman,  1978;  Alpers  and  Rufenach,  1979;  Harger,  1981;  Valenzuela, 
1980;  Jain,  1978;  and  Shuchman,  1981).  The  reader  is  referred  to 
the  article  by  Shuchman  (1981)  for  a  detailed  discussion  of  the 
effects  of  wave  motion  on  SAR  images. 

A  number  of  investigators  (Shuchman,  1981;  Kasischke  and  Shuch-  / 
man,  1981;  Jain,  1978;  and  Shuchman  and  Zelenka,  1978)  have  designed 
or  evaluated  algorithms  to  enhance,  through  focusing  and  other 
processing  procedures  (i.e.,  accounting  for  water  wave  motion),  SAR 
imaged  gravity  waves.  Results  of  these  investigations  generally 
agree  that  detectability  of  azimuth  and  range  traveling  waves  can  be 
improved  by  adjusting  the  focal  distance  and  rotating  the  lenses  of 
the  cylindrical  telescope  in  the  SAR  optical  processor,  respectively. 
This  procedure  to  enhance  of  ocean  waves  has  been  successfully  em¬ 
ployed  on  both  Jet  Propulsion  Laboratory  (JPL)  L-band  and  ERIM  X-  and 
L-band  data  (Jain,  1978;  Kasischke,  et  al . ,  1979;  Kasischke  and 
Shuchman,  1981). 

Two  additional  pieces  of  information  can  be  obtained  through 
image  enhancement  processes.  First  they  can  be  used  to  solve  the 
180°  directional  ambiguity  of  ocean  wave  propagation,  and  secondly, 
they  can  oe  used  as  a  rough  estimator  of  the  phase  velocity  asso¬ 
ciated  with  these  waves.  Focusing  effects  are  usually  more  discern¬ 
ible  vrfien  using  L-band  data  than  X-band  (see,  for  example,  Kasischke 
and  Shuchman,  1981).  Consequently,  X-band  data  is  less  useful  in 
providing  information  on  wave  direction  ambiguity  and  phase  velocity. 

3.3.2  EXTRACTION  OF  GRAVITY  WAVE  INFORMATION  FROM  SAR  DATA 

There  are  presently  four  recognized  techniques  to  extract  esti¬ 
mates  of  wave  number  and  direction  of  the  dominant  gravity  wave  com¬ 
ponent  from  SAR  data.  These  include  two-dimensional  Fourier  trans¬ 
forms  (both  optical  and  digital),  a  semicausal  spectral  estimation 
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technique,  and  a  one-step  spectral  estimation  routine  which  extracts 
the  wave  number  directly  from  the  SAR  signal  histories. 

It  should  be  noted  that  SAR  spectral  estimates  of  water  gravity 
waves  are  wave  number  spectra  of  the  radar  return  intensity.  The 
data  do  not  represent  wave  height  information,  at  least  not  in  a  rec¬ 
ognizable  form.  The  modulation  transfer  function  (i.e.,  SAR  gravity 
wave  imaging  mechanism)  is  not  totally  understood  at  the  present 
time.  The  determination  of  this  transfer  function,  as  well  as  deter¬ 
mination  of  wave  height  using  SAR  data,  will  be  a  major  scientific 
advancement.  With  that  complete,  it  will  be  possible  to  use  SAR 
gravity  wave  data  to  obtain  power  density  estimates  of  the  sea 
surface. 

By  passing  a  monochromatic,  collimated  beam  of  light  through  the 
film  image  of  the  gravity  waves  imaged  by  the  SAR,  a  two-dimensional 
optical  Fourier  transform  (OFT)  of  the  image  is  created  (Barber, 
1949;  Shuchman,  et  al . ,  1977).  If  a  digital  image  is  available,  a 
similar  process  can  be  accomplished  numerically  by  taking  a  fast 
Fourier  transform  (FFT)  of  the  data.  Producing  a  FFT  has  an  advant¬ 
age  over  an  OFT  in  that  distributional  wave  spectra,  as  a  function 
of  wave  frequency  and  direction,  can  also  be  generated,  as  opposed 
to  just  dominant  wavelength  and  direction  as  obtained  from  an  OFT. 
Figure  1  (after  Shuchman,  et  al.,  1981)  presents  an  example  of  actual 
Seasat  SAR  wave  imagery  and  the  resulting  OFT  and  FFT  generated  from 

these  data.  These  date  were  collected  during  the  Joint  Air/Sea 

Interaction  (JASIN)  experiment  during  Seasat  Rev.  762,  on  19  August 
1978.  Surface  measurements,  made  coincident  with  and  near  to  the  SAR 
ground  coverage  area,  indicate  a  wave  field  with  a  dominant  wave¬ 
length  of  210  meters  from  240*  True  (T)  with  a  significant  wave 

height  (H^)  of  5.5  meters.  The  sea-truth  also  reported  a  wind 
speed  of  12  m/sec  from  186°  (T).  Figure  2  presents  the  one¬ 

dimensional  wave  number  and  directional  spectra  produced  from  the 
FFT  of  the  data.  The  one-dimensional  wave  number  plot  was  produced 
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a.)  SAR  Image 


b.)  Optical  Fourier  Transform 


FIGURE  1 


c.)  Fast  Fourier  Transform 


SEASAT  SAR  IMAGE  OF  OCEAN  GRAVITY  WAVES  AND  THEIR 
RESULTANT  TWO-DIMENSIONAL  FOURIER  TRANSFORMS, 
SEASAT  REV.  762,  19  AUGUST  1978  (After  Shuchman, 


Wave  Number  K 

b)  One-Dimensional  Spectrum  as  a  Function  of  Wave  Number 


FIGURE  2 


ONE- DIMENSIONAL  REPRESENTATIONS  OF  FFT- DERIVED 
SPECTRA  FROM  REV.  762. 
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oy  digitally  summing  over  angles  in  one-half  of  the  two-dimensional 
spectrum.  A  wave  direction  plot  is  generated  by  extracting  the 

values  at  a  specific  wave  number  (usually  the  peak  wave  number)  as  a 
function  of  angle.  These  FFT  spectral  estimates  indicate  a  dominant 
wavelength  of  259  meters  with  a  direction  of  propagation  of  227*  (T). 

A  new  two-dimensional  spectral  estimation  algorithm  related  to 
maximum  entropy,  called  the  semicausal  model  (Jain  and  Ranganath, 
1978),  has  been  applied  to  synthetic  aperture  radar  imagery  of  ocean 
waves  (Jackson  and  Shuchman,  1982).  These  semicausal  spectral  esti¬ 
mations  were  compared  to  FFT  estimates  of  identical  data  sets  and 

reference  functions.  Results  indicate  the  semicausal  model  can  suc¬ 

cessfully  produce  spectral  estimates  of  truncated  data  sets  (i.e., 
1-2  wave  cycles).  However,  similar  to  the  one  dimensional  maximum 
entropy,  the  two-dimensional  semicausal  model  is  sensitive  to  the 

autoregressive  order  and  to  noise,  and  exhibits  spectral  splitting 
in  some  cases. 

Figure  3  (after  Jackson  and  Shuchman,  1982)  presents  two- 
dimensional  contour  plots  generated  with  the  semicausal  method  from 
digital  Seasat  SAR  wave  data  colle^  ed  during  Seasat  Rev.  1049.  This 
L-band  data  was  collected  during  the  JASIN  experiment  (Allan  and 
Guymer,  1980).  A  pitch  and  roll  buoy  operating  at  the  time  when  Rev. 
049  was  made  and  identified  a  wavetrain  as  swell  (12.5  sec  period  or 
244  m)  which  was  traveling  in  the  approximate  direction  of  264°  (T) 
with  a  significant  wave  height  of  5.0  meters. 

The  vertical  axis  in  Figure  3  represents  the  range  dimension  of 
the  radar  image  while  the  horizontal  axis  is  the  azimuth  direction 
or  direction  of  SAR  platform  motion.  The  scale  of  each  axis  is  the 
wavenumber  (K)  defined  as  2 */x  where  x  is  the  ocean  wavelength.  In 
Figure  3,  approximately  10  wave  cycles  were  sampled.  We  can  see  that 
the  SC  model  produces  a  much  smoother  spectra  than  the  FFT  spectra. 
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FIGURE  3.  TWO-DIMENSIONAL  SPECTRAL  ESTIMATES  FROM 
SEASAT  SAR  DATA  (L-band,  23.5  cm). 
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A  fourth  technique  has  recently  been  proposed  by  Hasselmann 
(1980)  to  extract  spectral  wave  information  from  SAR.  Hasselmann 
has  derived  a  simple  method  for  the  determination  of  the  two- 
dimensional  surface  image  spectrum  from  the  return  signal  of  a  SAR 
without  explicitly  forming  an  image.  This  algorithm,  called  a 
signal-image-Fourier  transform  (SIFT),  has  recently  been  programmed 
on  ERIM  computers  and  is  undergoing  testing  and  evaluation  using 
Seasat  SAR  and  synthetically  generated  data. 

Figure  4  shows  contour  plots  of  two  SIFT  spectral  estimates  from 
the  Seasat  SAR  digital  signal  data  of  revolution  1049.  The  plots 
represent  areas  of  4  by  4  km  which  are  adjacent  in  azimuth.  Repre¬ 
sented  on  the  figures  by  a  large  black  dot  is  the  sea  truth  (i.e., 
pitch  and  roll  buoy)  derived  value.  Note  that  the  estimate  in  the 
lower  plot  agrees  well  with  the  sea  truth  estimate,  while  the  esti¬ 
mate  in  the  upper  plot  gives  a  value  which  is  100  percent  higher  in 
wavenumber.  Figure  5  is  a  contour  plot  of  the  two-dimensional  fast 
Fourier  transform  of  an  8  by  8  km  area  within  25  km  of  this  estimate. 

To  summarize  the  present  state  of  this  fourth  method,  Hasselmann 
has  developed  a  mathematical  theory  to  extract  ocean  gravity  wave 
spectral  estimates  from  SAR  data  without  explicitly  forming  an  image 
for  both  aircraft  and  satellite  SAR  data.  The  satellite  case  has 
been  programmed  on  ERIM  computers  and  results  are  being  evaluated. 
Preliminary  results  are  mixed,  suggesting  further  evaluation  is 
warranted.  The  data  presented  in  Figure  4  required  approximately  10 
hours  of  computer  (PDP  11/45)  running  time  to  realize  the  results. 
The  algorithm  in  its  present  form  is  not  optimized;  the  inherent  com¬ 
putation  speed  of  the  SIFT  algorithm  should  be  evaluated  relative  to 
the  time  required  to  form  a  4  by  4  km  SAR  image  from  Seasat  data  and 
then  generate  a  spectral  estimate  using  conventional  fast  Fourier 
transform  techniques. 
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FIGURE  4.  SI  FT- GENE RATED  SPECTRAL  ESTIMATES  FOR  ADJACENT  AREAS 
COLLECTED  BY  SEASAT  DURING  JASIN  REV.  1049. 
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FIGURE  5.  FFT-GENERATEO  SPECTRAL  ESTIMATE  FROM  SAR  WAVE  DATA 
COLLECTED  BY  SEASAT  DURING  JASIN  REV.  1049. 
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3.3.3  SAR  VERSUS  SEA  TRUTH  SPECTRAL  COMPARISONS 

During  the  past  seven  years  a  series  of  experiments  has  been  con¬ 
ducted  with  the  partial  purpose  of  demonstrating  that  SAR  data  can 
be  used  to  determine  gravity  wave  direction  and  wave  number.  These 
experiments  include:  Marineland,  West  Coast,  DUCKEX,  GOASEX,  JASIN, 
MARSEN,  ARSLOE  and  a  set  of  Lake  Michigan  test  flights.  (These  ex¬ 
periments  are  described  in  detail  by  Shemdin,  1980;  Shemdin  1980a; 
Mattie,  et  al.,  1980;  Gonzalez,  et  al.,  1981;  Allan  and  Guymer,  1980; 
Anonymous,  1980;  Baer,  1980;  and  Shuchman  and  Meadows,  1980  and 
Schwab,  et  al . ,  1981,  respectively.)  The  general  concensus  of  these 
experiments  was  that  SARs  have  the  capability  to  produce  imagery  from 
which  estimates  of  dominant  wave-number  and  direction  can  be 
obtained. 

Figure  6  (after  Vesecky  and  Stewart,  1982)  is  a  scatterplot  of 
dominant  ocean  wavelength  information  obtained  from  the  Seasat  SAR 
compared  to  jn  si tu  (pitch  and  roll  buoy)  ocean  sea  truth.  Note  the 
pitch  and  roll  buoy  data  have  been  converted  from  frequency  to  wave¬ 
length  using  the  dispersion  relationship.  Figure  7  (after  Vesecky 
and  Stewart,  1982)  is  the  dominant  direction  of  wave  propagation  ob¬ 
tained  from  the  Seasat  SAR  and  again  compared  to  sea  truth.  Based 
on  this  data,  Seasat  SAR  estimates  of  wavelengths  are  biased  slightly 
high  and  the  average  error  is  ~12  percent.  For  wave  direction,  there 
appears  to  be  no  significant  bias  and  the  average  error  is  -11  de¬ 
grees.  Note  directional  wave  information  provided  by  a  SAR  has  an 
180°  ambiguity.  Selective  Doppler  processing,  as  reported  earlier 
(Shuchman  and  Zelenka,  1978),  can  resolve  this  180°  ambiguity  in  the 
case  of  aircraft  data,  but  not  Seasat  data.  The  data  included  in 
Figures  6  and  7  represent  significant  wave  heights  in  the  1-5  m 
range.  Ocean  wavelengths  shorter  than  approximately  80  m  in  length 
were  not  observed  by  the  Seasat  SAR.  The  wind  speed  for  all  the 
above  observations  was  greater  than  3  m/s.  To  summarize,  the  analy¬ 
sis  indicates  dominant  wavelength  and  direction  can  be  measured  by 
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FIGURE  6.  PLOT  OF  WAVELENGTH 
SAR  VERSUS  SEA  TRUTH,  FOR 
L-BAND  SEASAT  DATA  (After 
Vesecky  and  Stewart,  1981). 
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FIGURE  7.  PLOT  OF  WAVE 
DIRECTION,  SAR  VERSUS  SEA 
TRUTH,  FOR  L-BAND  SEASAT 
DATA  (After  Vesecky  and 
Stewart,  1981). 
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the  Seasat  SAR  provided  the  waves  in  question  are  visible  on  the 
imager  (Vesecky,  et  al.,  1981;  Kasischke, 

1980). 

Figures  8,  9,  10,  and  11  are  scatterplots  of  aircraft  SAR  de¬ 
rived  estimates  of  wavelength  and  direction  versus  sea  truth  for  X- 
and  L-band  data  of  Marineland,  GOASEX  (aircraft),  and  Lake  Michigan. 
These  results  indicate  wavelength  information  does  not  appear  biased 
and  is  accurate  to  within  ~13  percent,  while  directional  information 
is  also  not  biased  and  is  accurate  to  within  ~10  degrees.  It  should 
be  noted  for  the  airborne  SAR  results,  the  L-band  SAR  did  not  detect 
wind  generated  waves  on  every  occasion  where  waves  were  detected  on 
the  X-band  imagery.  The  sea  truth  for  the  above  aircraft  SAR  studies 
was  provided  by  a  variety  of  wave  measuring  devices,  including  pitch 
and  roll  buoys  (Marineland  and  GOASEX),  wave  staff,  wave  rider  buoy 
(Lake  Michigan),  pressure  sensors  (Marineland),  water  level  gauges 
(Lake  Michigan),  and  velocity  meter  arrays  (Lake  Michigan). 

To  assess  the  potential  of  using  SARs  to  measure  surface  gravity 
wavelength  and  direction,  we  must  know  the  accuracy  of  the  SAR  sys¬ 
tem.  In  determining  the  accuracy  of  a  measurement,  one  compares  the 
results  obtained  from  the  measuring  device  against  a  standard.  In 
determining  the  accuracy  of  SAR  spectral  estimates,  we  could  use  the 
standard  oceanographic  technique  ( i . e . ,  pitch  and  roll  buoys,  wave 
rider  buoys,  etc.)  as  our  standard,  but  the  accuracy  of  these  tech¬ 
niques  is  not  very  high.  It  may  be,  in  fact,  that  SAR  spectral  esti¬ 
mates  of  dominant  ocean  wavelength  and  direction  are  more  accurate 
(in  the  absolute  sense)  than  present  day  oceanographic  techniques. 

There  is  a  "level  of  uncertainty"  associated  with  SAR  spectral 
measurements  which  is  mainly  due  to  the  variability  in  the  wave  field 
being  imaged  by  the  SAR  and  the  precision  limitations  of  the  devices 
used  to  measure  wavelength  and  direction.  This  level  of  uncertainty 
is  on  the  order  of  ±2  percent  for  wavelength  and  ±1#  in  direction 
(Kasischke,  et  al.,  1981). 
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FIGURE  8.  PLOT  OF 
WAVELENGTH,  SAR 
VERSUS  SEA  TRUTH, 
FOR  X-BAND  AIRCRAFT 
DATA. 


FIGURE  9 .  PLOT  OF  WAVE 
DIRECTION,  SAR  VERSUS 
SEA  TRUTH,  FOR  X-BAND 
AIRCRAFT  DATA. 
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FIGURE  10.  PLOT  OF  WAVELENGTH 
SAR  VERSUS  SEA  TRUTH,  FOR 
L-BAND  AIRCRAFT  DATA. 


FIGURE  11.  PLOT  OF  WAVE 
DIRECTION,  SAR  VERSUS  SEA 
TRUTH,  FOR  L-BAND  AIRCRAFT 
DATA. 
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3.3.4  LIMITATIONS  OF  SAR  IN  DETECTING  GRAVITY  WAVES 

The  limitations  of  using  a  SAR  to  image  gravity  waves  are  still 
under  study.  The  major  obstacle  in  this  defintion  is  collecting  SAR 
data  under  the  wide  variety  of  conditions  (both  atmospheric  and 
oceanic)  which  naturally  occur.  Usually,  no  single  SAR  data  set  con¬ 
tains  all  the  environmental  variables  one  would  like  to  evaluate. 
In  addition,  even  within  a  single  limited  SAR  data  set,  it  is  often 
difficult  to  ascertain  what  parameters  are  playing  an  important  role 
determining  whether  or  not  a  gravity  wave  field  is  visible  on  SAR 
imagery. 

In  examining  the  evidence  to  date,  it  appears  that  the  following 
parameters  play  a  role  in  SAR  imaging  of  ocean  gravity  waves: 

1.  Radar  wavelength, 

2.  Radar  look  direction  relative  to  wave  direction, 

3.  Number  of  resolution  elements  per  wavelength, 

4.  Wind  speed,  and 

5.  Wave  height. 

No  single  factor  taken  alone  is  responsible  for  determining  the 
degree  of  SAR  detection  of  gravity  waves,  but  it  is  usually  due  to  a 
combination  of  the  above  factors.  This  point  can  be  best  illus¬ 
trated  through  an  example. 

During  the  recent  JASIN  experiment,  the  Seasat  SAR  successfully 
imaged  gravity  waves  on  thirteen  out  of  a  possible  eighteen  oppor¬ 
tunities  (Vesecky,  et  al.,  1981;  Kasischke,  1980).  During  this  ex¬ 
periment,  only  an  L-band  SAR  was  operating  (Seasat)  and  the  wind 
speeds  were  always  above  the  threshold  (~3  m/s)  for  wave  detection. 
Therefore,  points  (1)  and  (4)  above  are  not  variable  factors  when 
determining  whether  or  not  the  Seasat  SAR  detected  the  ocean  gravity 
waves.  Table  4  presents  the  environmental  conditions  present  when 
the  18  JASIN  passes  were  made.  As  can  be  seen  in  Table  4,  in  most 
cases  the  SAR  did  not  detect  gravity  waves  when  two  of  the  three 
following  conditions  were  met: 
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TABLE  4 

SUMMARY  OF  WAVELENGTH,  HEIGHT,  AND  DIRECTION 
DATA  FOR  JASIN  TEST  AREA* 


Revolution 

Wavelength  (meters) 
(sea  truth) 

Height  (meters) 

®A**  (°True) 

No  Wave  Detection 

590 

89-222 

1.2 

73°  -  39° 

599 

71 

1.1 

25 

633 

89 

1.1 

77 

642 

169 

2.7 

14 

1006 

105 , 

3.6 

33 

Poor  Wave  Detection 

556 

151 

/ 

1.5 

64 

714 

182*  ' 

- 

59* 

834 

147 

2.8 

29 

958 

108 

1.4 

31 

719 

164* 

- 

76* 

Fair-to-Good  Wave  Detection 

547 

170 

1.6 

58 

757 

256 

4.9 

23 

762 

210 

5.5 

90 

792 

151 

3.1 

73 

1001 

81 

2.3 

63 

1044 

244* 

5.7 

44 

1049 

244 

5.0 

57 

1087 

299* 

- 

34 

♦All  data  use  sea-truth 

estimates  except  for 

those  denoted  with 

an  (*). 

**Relative  direction  of 

the  wave  crests  with  respect  to  the  radar 

1  ine-of-sight 
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1.  Significant  wave  height  (H-|^)  was  less  than  1.3  meters; 

2.  The  waves  were  traveling  in  nearly  an  azimuth  direction  with 
respect  to  the  radar  line-of-sight  (&A  <  35°,  where 

is  the  angle  between  the  wave  crest  orientation  and  the 
radar  line-of-sight);  and 

3.  The  number  of  resolution  cells  per  wavelength  was  less  than 
5  (or  the  ocean  wavelength  (x)  was  less  than  125  meters  for 
the  25  meter  resolution  Seasat  SAR). 

From  Table  4,  it  can  be  seen  that  in  most  cases  where  waves  were 
not  detected  by  the  SAR,  a  minimum  of  two  of  the  above  criteria  were 
met.  In  only  one  case  where  waves  were  visible  on  the  SAR  image  were 
two  criteria  met  (Rev.  958)  and  here  the  waves  were  not  very  clear 
on  the  SAR  image. 

Of  the  five  original  conditions  mentioned  at  the  beginning  of 
this  section,  all  have  been  examined  independently.  It  has  been  the 
general  concensus  within  the  SAR  community  that  X-band  (3.2  cm)  SARs 
detect  gravity  waves  more  readily  than  L-band  (23.5  cm)  SARs.  In 
measuring  the  crest-to-trough  modulation  (or  modulation  depth)  of 
waves  on  SAR  imagery  collected  during  the  Marine’land  experiment, 
Kasischke,  et  al.  (1979),  showed  that  X-band  imagery  of  gravity 
waves  had  higher  modulation  depths  than  L-band  imagery.  More  re¬ 
cently,  Kasischke  and  Shuchman  (1981  and  1981a)  showed  the  same  re¬ 
sult  (i.e.,  higher  wave  contrast  on  X-band  imagery  when  compared  to 
l-band  imagery)  through  the  use  of  a  SAR  image  wave  contrast  measure¬ 
ments,  called  a  peak-to-background  ratio  (P8R).  This  latter  com¬ 
parison  was  based  on  aircraft  SAR  data  collected  over  Lake  Michigan. 
From  yet  unpublished  results  obtained  at  ERIM,  the  same  trend  was 
apparent  in  the  GOASEX  data. 

A  possible  explanation  for  the  higher  quality  of  X-band  surface 
wave  imagery  was  given  by  Shuchman  and  Zelenka  (1978)  who  suggested 
that  X-band  data  possess  a  larger  depth  of  focus  than  L-band,  and 
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therefore,  the  waves  moving  in  the  azimuth  direction  are  not  appre¬ 
ciably  defocused  as  commonly  occurs  on  L-band  images  of  comparable 
resolution.  X-band  SARs  also  incorporates  a  shorter  synthetic- 
aperture  length  or  integration  time  than  L-band  systems,  hence  re¬ 
ducing  motion  errors.  Another  possible  explanation  for  the  increased 
X-band  image  quality  is  that  there  are  generally  more  X-band  Bragg 
waves  (~2  cm)  present  on  the  water  surface  per  unit  surface  area. 

There  are  several  effects  of  the  radar  look  direction  on  wave 
detectability  by  SARs.  First  SARs,  in  general,  detect  range  travel¬ 
ing  waves  (wave  crests  perpendicular  to  radar  1  ine-of-sight)  more 
readily  than  azimuth  traveling  waves  (wave  crests  parallel  to  radar 
1  ine-of-sight) ;  and  second,  SARs  appear  to  detect  waves  traveling 
towards  the  radar  better  than  those  traveling  away  from  the  radar. 

Teleki,  et  al .  (1978),  using  Mar  ineland  data,  indicated  that 
optimum  wave  images  result  when  the  radar  is  looking  essentially  up- 
wave  or  down-wave;  that  is,  when  waves  propagate  towards  or  away  from 
the  aircraft  in  the  range  direction.  Figure  12  (after  Teleki,  et 
al.,  1978)  is  a  graph  of  modulation  (wave  crest  to  trough  contrast) 
versus  radar  look  direction  (relative  to  wave  crest  orientation)  for 
X-  and  L-band  SAR  aircraft  data  collected  from  Mar  ineland.  Note, 
from  Figure  12,  that  when  the  SAR  is  looking  up-wave  or  down-wave 
(i.e.,  SAR  1  ine-of-sight  perpendicular  to  the  wave  crests),  higher 
contrast  or  more  visible  waves  result.  It  should  be  noted  that  the 
significant  wave  height  was  approximately  1.2  m  for  the  8-second 
swell  presented  in  Figure  12.  The  same  result  was  obtained  using 
MARSEN  UPD-4  X-band  data  as  will  be  discussed  in  Chapter  4.  Range¬ 
traveling  waves  are  more  clearly  discernable  on  SAR  imagery  because, 
in  the  range  direction,  the  SAR  uses  a  train  of  very  short  pulses. 
Therefore,  waves  traveling  in  range  appear  quasi-stationary  relative 
to  the  sampling  time. 
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FIGURE  12.  MODULATION  DEPTH  AT  X-BAND  AND  L-BAND  AS  A  FUNCTION 
OF  RADAR  LOOK  DIRECTION  (After  Teleki,  et  al . ,  1978) 
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Studies  by  Kasischke  and  Shuchman  (1981)  have  shown  that  SAR 
(both  X-  and  L-band)  images  of  waves  traveling  towards  the  radar  have 
higher  contrast  (PBR)  than  SAR  imagery  of  waves  traveling  away  from 
the  radar. 

Nyquist  sampling  theory  indicates  that  at  least  two  samples  per 
wave  cycle  are  necessary  to  resolve  gravity  waves  on  SAR  imagery. 
For  real  data,  the  number  of  samples  needed  is  probably  between  four 
and  six.  The  number  of  samples  per  wave  cycle  is  dependent  on  two 
variables:  the  spatial  resolution  of  the  SAR  system  and  the  wave¬ 
length  of  the  gravity  waves.  In  general,  airborne  SARs  can  detect 
snorter  wavelength  wave  fields  than  spaceborne  SARs.  The  lower  limit 
for  the  Seasat  SAR  appears  to  be  around  100  meters  or  approximately 
4  resolution  elements.  Airborne  SARs,  with  their  finer  resolution, 
can  detect  wind  driven  waves  with  wavelengths  on  the  order  of  35 
meters. 

As  mentioned  previously,  in  order  for  gravity  waves  to  be  de¬ 
tected  by  SARs,  a  small  scale  surface  roughness  must  be  present  on 
the  longer  gravity  waves.  The  small  scale  surface  roughness  corre¬ 
sponds  to  the  capillary  and  ultra-gravity  wavelength  region  waves 
wnich  are  typically  abundant  in  the  presence  of  low  to  moderate 
winds.  The  minimum  wind  speed  necessary  for  detection  of  gravity 
waves  is  on  the  order  of  three  meters  per  second  (Beal,  1979).  There 
has  been  speculation  that  waves  would  not  be  detectable  by  SARs  in 
the  presence  of  high  winds.  However,  L-band  radars  have  detected 
waves  in  hurricanes  (Ross,  et  al.,  1974;  Brown,  et  al.,  1976; 
Gonzalez,  et  al.,  1981a). 

The  final  factor  which  appears  to  play  a  significant  role  in  SAR 
imaging  of  surface  gravity  waves  is  wave  height.  Recent  studies 
(Kasischke,  1980)  involving  Seasat  SAR  imagery  collected  during  the 
JASIN  experiment  have  shown  a  significant  degree  of  positive  linear 
correlation  (R  =0.78  at  p  =  0.99)  between  wave  contrast  (PBR)  and 
significant  wave  height  (H^j).  Furthermore,  SARs  do  not  detect 
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gravity  waves  when  the  wave  height  of  the  field  is  below  a  certain 
minimum.  For  the  Seasat  SAR,  this  lower  bound  is  approximately  one 
meter.  Additionally,  the  Seasat  SAR  had  greater  difficulty  in  imag¬ 
ing  waves  with  heights  less  than  1.5  meters  than  waves  higher  than 
1.5  meters  for  H^.  Aircraft  SARs,  however,  have  routinely  im¬ 
aged  gravity  waves  with  heights  less  than  1.5  meters,  and  have  pro¬ 
duced  very  good  images  of  wave  fields  with  heights  approaching  one 
meter  (Lake  Michigan,  H-j^  =  1*0  to  1.2  m;  GQASEX:  =  1  m; 

Marineland:  =  1.5  m;  MARSEN:  H-^  =  1  to'  1.5  m).  The 

lower  limit  of  wave  height  for  aircraft  SARs  has  not  yet  been  deter¬ 
mined,  but  is  probably  around  0.75  meters. 


3.4  SAR  DETECTION  OF  OCEAN  AND  COASTAL  CURRENTS 

There  appears  to  be  little  question  that  ocean  current  boundaries 

can  frequently  be  observed  on  SAR  images,  although  the  reason  for 

their  appearance  is  not  yet  understood.  Current  boundaries  were 

first  noted  on  aircraft  SAR  imagery  by  Moskowitz  (1973).  Since  then, 

currents  have  been  extensively  studied  by  both  aircraft  SARs  (Larson, 

et  al . ,  1976;  Shuchman,  et  al.,  1977a;  1979;  Weissman,  et  al.,  1980; 

Shuchman,  et  al.,  1981b)  and  spaceborne  SARs  (Hayes,  1981;  Shuchman, 

et  al . ,  1979;  Shemdin,  et  al . ,  1980;  Mattie,  et  al.,  1980;  Cheney, 

1981;  Lichy,  et  al.,  1981;  Shuchman,  et  al.,  1981c).  Current  veloc- 

3  1 

ity  gradients  (du/dx)  on  the  order  of  10  sec  appear  to  be 
detectable  (Larson,  et  al.,  1976),  and  the  sensing  of  current  bound¬ 
aries  apparently  occurs  for  a  wide  range  of  wind  speeds  (3-10  m/s) 
and  air-sea  temperature  differences  (0.1  -  10°C). 

The  appearance  of  current  boundaries  on  SAR  images  was  at  first 
thought  to  be  due  to  a  Ooppler-induced  image  displacement  (Larson, 
et  al.,  1976),  but  this  notion  has  been  discounted  by  the  observation 
of  current  boundaries  at  all  radar  look  direction  orientations  on 
Seasat  data  (Hayes,  1981).  Although  the  Doppler  mechanism  may  be  a 
contributing  factor  in  some  cases,  it  is  now  felt  that  the  main  rea¬ 
son  for  the  appearance  of  current  boundaries  on  SAR  imagery  is  either 
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a  stress-induced  variation  in  surface  roughness  in  the  area  of  the 
shear,  or  a  difference  in  the  surface  roughness  of  the  water  masses. 

Research  has  been  conducted  not  only  on  the  detection  of  ocean 
and  coastal  currents,  but  also  on  obtaining  velocity  information  from 
SAR  data.  The  next  two  sections  will  discuss  these  efforts. 

3.4.1  SAR  DOPPLER  EFFECTS 

Measurements  of  the  perturbation  of  SAR  signal  histories  due  to 
Doppler  effects,  arising  from  the  radial  component  of  the  surface 
velocity,  is  a  potentially  useful  technique  for  measuring  currents. 
This  technique  has  been  utilized  on  X-band  aircraft  SAR  data  of 
several  locations  (Shuchman,  et  al.,  1979;  Gonzalez,  et  al.,  1981b; 
Shuchman  and  Meadows,  1980).  It  takes  advantage  of  the  fact  that 
the  SAR  instrument  responds  primarily  to  backscatter  from  capillary 
waves  which,  in  conventional  SAR  processing,  are  assumed  stationary 
with  respect  to  other  time  scales  of  the  radar  system.  However, 
these  scatterers  are  not  stationary;  they  move  with  a  characteristic 
phase  velocity  as  well  as  with  with  velocities  due  to  the  presence 
of  currents  and  longer  gravity  waves.  The  radial  (1 ine-of-sight) 
component  of  the  resultant  velocity  produces  a  Doppler  shift  in  the 
temporal  frequency  of  the  return  signal,  which  translates  to  a 
spatial  frequency  shift  recorded  on  SAR  signal  film. 

Shuchman,  et  al .  (1979)  showed  that  the  radial  component  of  a 
target  velocity  (Vr)  could  be  calculated  as: 

„  Af’xVAC  (2) 

Vr  =  ?P - 

where  af'  is  the  azimuth  spatial  frequency  shift,  x  is  the  trans¬ 
mitted  radar  wavelength,  is  the  platform  velocity  and  P  is  the 
azimuth  packing  factor. 


33 


RADAR  AND  OPTICS  DIVISION 


This  relationship  can  be  used  to  measure  the  average  radial 
velocity  component  of  an  ocean-wave  scattering  field  relative  to  a 
fixed-land  scattering  field.  A  shift  in  the  azimuth  spatial  fre¬ 
quency  spectrum  between  fixed-land  and  moving-ocean  surfaces  yields 
an  estimate  for  af'.  Variations  in  spectrum  location  due  to  antenna 
pointing  may  be  eliminated  by  choosing  imagery  having  both  land  and 
ocean  imaged  simultaneously. 

Seasat  data  are  not  well  suited  to  the  Doppler  perturbation  tech¬ 
nique  because  of  the  high  platform  velocity  (~7  km/ sec),  the  wave¬ 
length  (L-band  =  23.5  cm)  and  the  small  incidence  angle  (~20°)  of 
t'ne  Seasat  SAR  (Shuchman,  et  al . ,  1981c).  It  may  be  possible,  how¬ 
ever,  to  design  a  satellite  system  with  a  more  optimal  configuration 
for  measuring  ocean  currents  using  this  technique.  Studies  are 
currently  Deing  carried  out  at  ERIM  to  investigate  the  system  param¬ 
eters  which  influence  a  SAR's  capability  of  measuring  currents  using 
Doppler  methods,  which  will  hopefully  lead  to  new  design  criteria 
(Rufenach.et  al . ,  1981).  There  are  a  large  variety  of  SAR  system 
configurations  which  could  conceivably  lead  to  an  improved  capability 
of  measuring  ocean  currents  using  Doppler  techniques.  Among  these 
are  systems  using  specialized  antenna  designs  or  multiple  antennas, 
angle  diversity  or  spotlight  techniques  and  multiple  frequency  tech¬ 
niques.  (For  a  discussion  of  multiple  frequency  or  &K  techniques, 
see  McIntosh,  1981.)  For  this  reason,  it  is  felt  that  Doppler 
methods  have  a  high  potential  value  for  measuring  ocean  currents, 
although  this  potential  is  not  yet  fulfilled. 

Another  technique  to  measure  currents  via  SAR  data  was  reported 
by  Shemdin,  et  al .  (1980).  This  technique  was  applied  to  Seasat  data 
collected  over  the  mouth  of  the  Columbia  River  (Oregon);  the  azi¬ 
muthal  shift  of  the  boundary  of  the  current  as  it  flowed  past  sta¬ 
tionary  jetties  was  measured.  Using  the  relationship: 

vr 

aX  =  -n —  R  (3) 

VAC 
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where  aX  is  the  azimuthal  displacement,  R  the  range  to  the  target 
and  VA£  the  platform  velocity,  the  radial  line-of-sight  velocity 
(Vr)  of  the  Columbia  River  was  successfully  estimated.  Although 
this  method  may  be  useful  in  some  cases,  in  general  it  is  felt  that 
an  azimuthal  displacement  of  this  kind  is  difficult  to  measure  accu¬ 
rately,  since  it  is  likely  to  be  obscured  by  brightness  variations 
due  to  surface  roughness  or  other  effects. 

3.4.2  WAVE  REFRACTION  EFFECTS 

The  interaction  of  gravity  waves  with  ocean  currents  may  provide 
a  tool  for  estimating  large  scale  current  variations  from  SAR  imagery 
(Hayes  and  Shuchman,  1981).  This  effect  has  been  documented  on  air¬ 
craft  SAR  data  by  Hayes  (1980),  and  investigations  are  currently 
underway  at  ERIM  and  elsewhere  to  evaluate  the  usefulness  of  Seasat 
data  for  this  purpose  (Kasischke,  et  al.,  1981;  Meadows,  et  al., 
1981;  Mapp,  et  al.,  1981).  However,  there  appear  to  be  several 
limitations  to  this  method.  First,  a  suitable  wave  field  must  exist 
coincidentally  with  an  ocean  current.  Second,  this  technique  is  not 
applicable  to  enclosed  or  shallow  water  areas  where  wave  refraction 
or  diffraction  may  occur  through  interactions  with  the  shoreline  or 
the  ocean  floor.  Third,  existing  wave-curren+  models  have  yet  to  be 
thoroughly  tested,  and  questions  exist  as  to  tn  r  validity  (Meadows, 
et  al.,  1981).  Finally,  the  angle  between  the  wave  train  and  the 
current  directional  vector  is  critical  in  determining  the  degree  of 
refraction  the  current  causes.  According  to  wave-current  refraction 
models  (Phillips,  1981;  Kenyon,  1971),  the  amount  of  refraction  that 
occurs  is  proportional  to  the  cosine  of  the  angle  between  the  wave 
direction  and  the  current  direction,  i.e.,  when  this  angle  approaches 
90°,  little  refraction  occurs  and  the  maximum  refraction  occurs  as 
this  angle  approaches  some  critical  angle  of  total  internal  reflec¬ 
tion  (which  is  dependent  on  the  phase  speed  of  the  waves).  In  the 
many  circumstances  where  the  angle  changes  due  to  refraction  are 
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small,,  it  is  difficult  to  detect  these  changes  from  SAR  data  with 
its  present  directional  resolution. 

In  summary,  the  potential  exists  for  the  determination  of  ocean 
current  velocities  by  observing  wave  refraction  through  the  current. 
Research  is  still  being  conducted  to  test  this  potential. 

3.5  SAR  DETECTION  OF  LONG  PERIOD  WAVES 

Recently,  SAR  oceanographic  research  has  been  concerned  with  the 
question  of  whether  a  two-dimensional  transform  of  a  SAR  imaged 
gravity  wave  field  can  yield  information  other  than  dominant  gravity 
wavelength  and  direction.  One  such  investigation  in  this  regard  has 
examined  SAR  images  to  see  if  long  period  (15-300  second)  wave  in¬ 
formation  is  inherent  in  SAR  signals  received  from  the  ocean  surface. 

Synthetic  aperture  radar  (SAR)  has  been  used  to  image  long  period 
(15  -  300  s)  gravity  waves  in  the  near-shore  region  of  Lake  Michigan 
(Meadows,  et  al,  1981a).  These  long-period  waves  appear  to  be  a  re¬ 
sponse  of  tne  sea  surface  to  forcing  by  a  non-monochromatic,  wind¬ 
generated,  surface  wave  field.  SAR  data  compared  favorably  with  an 
in  situ  wave  gauge  record.  Both  one-  and  two-dimensional  fast 
Fourier  transforms  were  generated  from  the  SAR  data  of  a  near  and 
offshore  region,  each  1.5  x  1 .5  km  in  size.  A  two-dimensional  trans¬ 
form  of  the  SAR  data  showing  low  frequency  components  is  presented 
in  Figure  13.  The  SAR  derived  near-  and  off-shore  spectral  esti¬ 
mates  both  exhibited  low  and  high  frequency  wave  components.  Table 
5  is  a  comparison  table  between  the  long  period  SAR  derived  spectral 
estimates  and  the  in  situ  step  resistance  wave  gauge  measurements 
(sea  truth).  Classical  bathymetrical ly  controlled  wave  refraction 
was  observed  for  both  the  short  and  the  long  wave  components  of  the 
water  surface.  This  Lake  Michigan  analysis  is  one  demonstration  of 
the  ability  of  X-band  SAR  to  successfully  image  low  amplitude,  long 
period  signals.  These  signals  appear  to  correspond  to  a  "surf  beat" 
generated  by  the  incident  wave  field. 
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A  proposed  physical  mechanism  for  the  indirect  imaging  of  "surf 
beats"  by  radar  backscatter  is  as  follows.  A  modulated,  wind  driven, 
capil  lary/ultra-gravity  wave  field  exists  in  conjunction  with  a 
shoreward  propagating,  non-monochromatic,  gravity  wave  field.  Non¬ 
linear  capillary-gravity  wave  interactions  occur  which  produce  in¬ 
creased  surface  roughness  on  the  crests  of  the  gravity  waves  and  de¬ 
creased  surface  roughness  in  the  troughs.  Concurrently,  similar  but 
slightly  different  gravity  wave  components  of  the  non-monochromatic 
wave  field  are  interacting  to  form  surf  beats  consisting  of  groups 
of  high  waves  separated  by  groups  of  low  waves.  These  wave  groups 
produce  corresponding  depressions  and  relaxations  of  the  mean  water 
level  in  response  to  fluctuations  of  the  applied  radiation  stress 
(Longuet-Higgins  and  Stewart;  1964).  Hence,  a  forced,  long-period 
wave,  traveling  at  the  group  velocity  of  the  wind  wave  packet  is 
generated.  Bright  radar  returns,  therefore,  should  correspond  to 
groups  of  high  gravity  waves  in  the  troughs  of  the  forced  long-period 
waves.  It  should  be  noted  that  SAR  sensing  of  long  period  waves  is 
a  new  research  area  and  much  more  work  is  needed  to  fully  define 
SAR' s  role. 

3.6  SAR  DETECTION  OF  INTERNAL  WAVES 

Internal  wave  studies  have  been  a  popular  subject  among  oceanog¬ 
raphers  using  aircraft  and  satellite  data  since  Apel ,  et  al.  (1975) 
reported  internal  wave  patterns  on  Landsat  imagery.  Since  that  time, 
the  study  of  internal  waves  using  remote  sensing  data  from  the  opti¬ 
cal  domain  has  drawn  much  attention  (Fett  and  Rabe,  1977;  Mollo- 
Christensen  and  Mascarenhas,  1979;  Osborne  and  Burch,  1980). 

The  first  SAR  image  of  internal  waves  was  presented  by  Brown,  et 
al.  (1976).  Since  then,  several  other  authors  have  presented  SAR 
imagery  of  internal  waves  (Elachi,  1978;  Gower  and  Hughes,  1979; 
Shuchman  and  Kasischke,  1979;  Apel,  1981;  Beal,  et  al.,  1981;  Trask 
and  Briscoe,  1981;  Vesecky  and  Stewart,  1982).  A  review  of  Seasat 
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SAR  data  reveals  an  abundance  of  internal  wave  patterns  along  both 
tne  east  and  west  coasts  of  the  U.S.,  in  the  coastal  waters  of  the 
Canadian  Pacific  and  Gulf  of  Alaska,  along  the  European  coast  and 
even  in  Lake  Michigan. 

There  are  several  forces  believed  to  be  responsible  for  the 
generation  of  internal  waves.  The  most  common  is  tides  (Apel,  et 
al.,  1975)  or  tidal  currents  (Gower  and  Hughes,  1979).  Another  force 
believed  to  generate  internal  waves  are  shear  flow  instaoil ities  in¬ 
duced  r.y  large  vertical  gradients  in  ocean  currents  such  as  the  Gulf 
Stream  (Apel,  et  al.,  1974).  When  an  internal  wave  is  propagating 
along  a  density  gradient,  as  is  shown  in  Figure  14  (after  LaFond  and 
Cox,  1962),  it  has  its  own  distinct  energy  and  current  fields.  These 
motion  fields  create  areas  of  surface  convergence  and  divergence, 
and  thus  provide  the  mechanism  for  their  detection  by  SARs. 

At  one  time  it  was  believed  that  the  alternating  rough  and  smooth 
hands  on  tne  ocean  surface  associated  with  internal  waves  were  due 
to  the  collection  of  surface  oils  at  the  convergence  zones  (Lafond 
and  Cox,  1962).  Recent  theory  (Gargett  and  Hughes,  1972)  states  that 
the  current  fields  associated  with  the  internal  waves  are  strong 
enough  to  alter  the  surface  capillary  and  ultra-gravity  structure. 
Recent  experiments  by  Gower  and  Hughes  (1979)  support  this  theory. 

The  environmental  bounds  under  which  internal  waves  are  detected 
by  SARs  have  yet  to  be  determined.  Obviously  a  capillary  and  ultra¬ 
gravity  wave  field  must  first  be  present,  which  means  that  there  must 
oe  a  surface  wind.  Gower  and  Hughes  (1979)  observed  internal  waves 
on  airborne  SAR  data  which  were  collected  over  relatively  calm  seas 
(winds  of  two  to  three  m/sec  and  surface  wave  heights  of  approxi¬ 
mately  one  meter)  while  Shuchman  and  Kasischke  (1979)  observed  inter¬ 
nal  wave  patterns  on  Seasat  SAR  imagery  during  a  relatively  high  sea 
state  (winds  of  12  m/sec  and  significant  wave  heights  (H^)  0f 
5.5  m).  Therefore  it  appears  that  a  SAR  can  detect  internal  waves 
over  a  wide  range  of  environmental  conditions. 
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FIGURE  14.  SCHEMATIC  OF  THE  STRUCTURE  OF  PROGRESSIVE 

INTERNAL  WAVE  MOTION  ALONG  A  SHARP  THERMOCLINE 
ILLUSTRATING  ALTERATION  OF  SURFACE  ROUGHNESS 
(After  Lafond  and  Cox,  1962). 
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3.7  SAR  SENSING  OF  FRONTAL  BOUNDARIES 

With  the  launch  of  SEASAT  in  the  summer  of  1973,  the  ability  to 
collect  SAR  data  on  a  synoptic  <?cale  was  realized.  Among  the  many 
interesting  features  imaged  were  large  radar  backscatter  disconti- 
uities.  These  backscatter  discontinuities  were  believed  to  corre¬ 
late  in  location  with  the  boundary  of  different  water  masses  (i.e., 
fronts).  The  detection  of  these  fronts  is  useful  in  many  appli¬ 
cations:  sonar  propagation,  biological  activity,  and  pollution 
dispersi on . 

During  the  fall  of  1980,  a  multi-institutional  experiment  co¬ 
ordinated  by  NASA/Langley  was  conducted  to  study  fronts  at  the  mouth 
of  Chesapeaxe  Bay.  Among  the  sensors  flown  were  an  X-band  UPD-4  SAR 
carried  aboard  a  U.S.  Marine  F-4,  an  X-L  dual  polarized  SAR  housed 
in  a  CV-580  and  a  real  aperture  X-band  SLAR  flown  in  a  U.S.  Mohawk 
aircraft. 

The  fronts  found  at  the  entrance  to  Chesapeake  Bay  are  formed  by 
the  mixing  of  the  Atlantic  Ocean  with  various  bay  water  masses. 
Fronts  that  are  commonly  observed  in  the  bay  entrance  are  sometimes 
accompanied  by  visible  foam  lines,  slicks,  or  capillary  ripples,  but 
little  is  known  about  their  stability  or  temporal  and  spatial  distri¬ 
bution.  The  maintenance  of  estuarine  fronts  such  as  those  found  on 
Chesapeake  Bay,  is  closely  influenced  by  the  lateral  shear  across 
the  interface  (Bowman  and  Iverson,  1978).  This  lateral  shear  may  be 
a  result  of  various  combinations  of  bathymetric  variation,  tidal 
current,  and  river  discharge.  Also,  convergent  surface  currents  are 
typically  found  at  these  frontal  boundaries,  causing  buoyant  parti¬ 
culate  matter  as  well  as  debris  to  collect  at  the  boundary.  Figure 
15  (from  Oertel  and  Dunstan,  1981)  is  a  typical  front  found  at  the 
mouth  of  Chesapeake  Bay. 

Several  SAR  images  of  the  Chesapeake  Bay  fronts  were  collected 
during  the  fall  of  1980;  a  typical  example  is  shown  as  Figure  16. 
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FIGURE  15.  SKETCH  OF  FRONTAL  SYSTEM  ILLUSTRATING  CONVERGENT 
SURFACE  CURRENTS  AND  SURFACE  ROUGHNESS  EFFECTS 
(Adapted  From  Oertel  and  Dunstan,  1981). 
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Ocean  Frontal  Features 


FIGURE  16.  SAR  IMAGE  (X-band)  OF  MOUTH  OF  CHESAPEAKE  BAY 
ILLUSTRATING  OCEAN  FRONTAL  TYPE  FEATURES 
(10  October  1980) . 
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Recent  backscatter  measurements  made  at  ERIM  on  this  data  show 
approximately  a  2-3  dB  increase  in  radar  backscatter  at  the  boundary 
of  the  front  (Lyden  and  Shuchman,  1981). 

The  preliminary  analysis  of  the  data  collected  during  this  ex¬ 
periment  has  indicated  that  imaging  radars  have  the  ability  to  image 
oceanic  fronts.  This  conclusion  was  based  on  repeated  observations 
of  frontal  features  in  radar  imagery  at  locations  where  fronts  were 
known  to  occur.  Direct  comparisons  between  radar  imagery  and  co¬ 
incident  surface  observations  support  this  observation. 

Fronts  were  detected  with  a  variety  of  radar  operating  param¬ 
eters;  these  include:  (1)  both  X-  and  L-bands,  (2)  HH  and  VV 
polarizations,  (3)  both  synthetic  and  real  aperture  radars,  and  (4) 
incidence  angles  ranging  from  approximately  20°  to  85°.  Fronts  were 
also  imaged  under  a  wide  variety  of  environmental  conditions:  (1) 
wind  speeds  of  1.5  to  16.5  m/sec,  (2)  all  wind  directions,  and  (3) 
all  stages  of  tide.  However,  fronts  were  not  always  detected  within 
these  ranges  of  conditions;  apparently,  some  particular  combination 
of  the  various  parameters  (i.e.  tides  and  winds)  is  necessary  for 
detection . 

Although  the  radar  imaging  mechanism  for  frontal  boundaries  is 
not  totally  understood  at  the  present  time,  a  plausible  explanation 
partially  supported  by  experimental  evidence  of  why  fronts  are  visi¬ 
ble  on  radar  imagery  has  been  formulated.  Imaging  radars  are  sen¬ 
sitive  to  the  Bragg  ocean  wave  components  as  discussed  earlier.  The 
currents  associated  with  the  fronts  cause  the  Bragg  waves  to  refract 
(i.e.  undergo  compression  or  elongation)  in  direct  proportion  to  the 
magnitude  and  direction  of  the  current.  The  refraction  therefore 
differs  from  one  side  of  the  frontal  boundary  to  the  other.  The 
radar  detects  these  subtle  changes  in  the  amplitude  and  wavelength 
of  the  primary  wave  and  records  these  changes  in  the  form  of  received 
backscatter. 
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3.8  SAR  DETECTION  OF  BOTTOM  TOPOGRAPHIC  FEATURES 

A  variety  of  remote  sensing  techniques  have  been  studied  over 
the  past  decade  for  their  potential  in  providing  information  for  up¬ 
dating  navigation  charts.  Remote  sensing  data  can  be  used  to  accom¬ 
plish  this  goal  in  three  ways:  (1)  detect  the  presence  of  submerged 
features  that  are  potentially  hazardous  to  ship  navigation;  (2) 
accurately  locate  the  geographical  position  of  these  hazardous  fea¬ 
tures  and  underwater  topographical  surface  variations;  and  (3)  pro¬ 
vide  estimates  of  water  depth. 

Recently,  ERIM  under  Defense  Mapping  Agency  funding  (Kasischke 
et  al.,  1980)  began  to  explore  the  use  of  SAR  to  provide  bathymetric 
information.  The  SAR  energy  does  not  penetrate  appreciably  into  the 
water  surface,  thus  the  features  observed  on  SAR  imagery  are  caused 
by  a  hydrodynamic  interaction  between  the  bottom  feature  and  surface 
Bragg  waves.  The  SAR  observed  topography-related  phenomena  can  be 
classified  into  five  categories: 

1.  A  change  in  direction  and  wavelength  of  ocean  swell  as  it 

enters  shallow  coastal  regions; 

2.  A  distinct  change  in  radar  backscatter  associated  with  a 

current  flowing  over  a  shallow  water  (<50  m)  bottom  feature; 

3.  A  distinct  change  in  radar  backscatter  associated  with  an 

ocean  swell  propagating  over  a  distinct  depth  discontinuity; 

4.  Classic  internal  wave  patterns  over  continental  shelf 

regions;  and 

5.  Anomalous  SAR  backscatter  signatures  found  in  deep  (>  200  m) 
ocean  regions  over  topographic  features  (such  as  guyots  and 
submarine  ridges)  on  the  ocean  floor. 

As  gravity  waves  enter  shallow,  coastal  waters,  the  wavelengths 
and  directions  of  the  waves  begin  to  change  due  to  interactions  with 
the  oottom.  The  amount  the  wavelength  and  direction  changes  is 
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proportional  to  the  depth  of  the  water  at  a  given  point;  therefore, 
if  the  change  in  wavelength  and/or  direction  can  be  measured,  an  in¬ 
direct  measure  of  water  depth  can  be  obtained. 

This  theory  was  tested  in  a  study  by  Shuchman,  et  al.  (1979a). 
Using  Seasat  SAR  data  from  Rev.  974  (collected  on  3  September  1978), 
dominant  wavelengths  and  directions  were  obtained  (via  optical 
Fourier  transforms)  for  a  gravity  wave  train  as  it  travelled  shore¬ 
ward  in  the  Cape  Hatteras,  North  Carolina,  area.  Using  two  simple 
wave  refraction  models,  water  depths  were  estimated  using  SAR  derived 
wavelengths  and/or  directions  as  inputs.  The  model  derived  depths 
compared  favorably  to  existing  hydrographic  chart  depths. 

Several  researchers  have  reported  surface  signatures  on  SAR 

imagery  that  are  the  result  of  a  current  flowing  over  a  bottom  fea¬ 
ture  in  shallow  (<  50  m)  water.  De  Loor  and  Brunsveldt  van  Hulten 
(1978)  first  detected  this  phenomenon  in  real  aperture  radar  imagery 
collected  over  the  North  Sea.  Using  Seasat  SAR  imagery,  Kasischke, 
et  al.  (1980)  and  Kenyon,  et  al.  (1979)  have  reported  detecting  sand 
waves  in  the  southeast  corner  of  the  North  Sea;  McLeish,  et  al . 

(1981)  reported  on  sand  waves  off  the  Dutch  coast  detected  on  real 

aperture  radar  imagery;  and  finally,  Kasischke,  et  al .  (1980)  re¬ 

ported  detecting  sand  waves  and  ridges  in  the  Nantucket  Shoals  region 
off  the  Massachusetts  coast. 

The  above  features  are  detected  by  radar  (both  real  and  synthetic 
aperture)  due  to  an  interaction  between  a  current  and  a  bottom  fea¬ 
ture.  Whether  or  not  the  SAR  signature  associated  with  these  fea¬ 
tures  is  an  increase  or  decrease  in  radar  backscatter  depends  on 
several  factors,  which  include  depth  of  the  feature,  current  speed 
and  direction,  and  wind  speed  and  direction,  as  well  as  radar 
geometry. 
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Figure  17  shows  a  schematic  diagram  of  two  scenarios  where  a 
current  is  flowing  over  a  bottom  feature.  Figure  17a  illustrates  a 
situation  where  the  surface  capillary  waves  and  current  are  travel¬ 
ing  in  the  same  direction.  In  this  case,  the  increase  in  current 
velocity  over  the  bottom  feature  causes  a  "stretching  out"  of  the 
surface  capillary  waves,  resulting  in  a  decrease  in  radar  backscatter 
due  to  the  decrease  in  the  amplitude  of  the  Bragg  scatterers  in  this 
region.  If  there  is  a  large  enough  wind  component  in  the  same  di¬ 
rection,  the  waves  may  be  regenerated  in  this  region  and  the  wave 
amplitude  "overshoot"  in  the  convergence  zone  behind  the  bottom  fea¬ 
ture.  This  results  in  a  banded  appearance  with  a  dark  region  on  one 
side  of  the  feature  and  a  bright  region  on  the  other  side.  Another 
possible  case  is  given  in  Figure  17b.  Here  the  wind  and  surface 
capillary  waves  are  traveling  in  the  opposite  direction  of  the  cur¬ 
rent.  This  combination  results  in  a  bunching  of  the  small  surface 
waves,  causing  an  increase  in  radar  backscatter  relative  to  the  sur¬ 
rounding  sea  surface. 

Kasischke,  et  al.  (1S80)  observed  that  when  an  ocean  swell  propa¬ 
gates  over  a  distinct  bottom  discontinuity,  such  as  the  shallow  water 
area  around  an  island,  a  distinct  change  in  radar  backscatter  occurs. 
This  phenomenon  has  been  seen  on  Seasat  SAR  imagery  of  North  Rona 
Rock,  Bermuda,  and  Isle  de  Gonave  (Haiti).  The  exact  cause  of  this 
particular  type  of  surface  anomaly  has  yet  to  be  precisely  deter¬ 
mined.  The  prevailing  theory  to  explain  this  phenomenon  is  based  on 
a  non-linear  interaction  between  the  gravity  wave  and  the  small 
capillary  waves  as  the  gravity  wave  propagates  onto  an  abruptly 
changing  bottom.  In  the  above  examples,  there  exists  a  bottom 
morphology  with  a  very  abrupt  change  in  water  depth. 

Observations  of  internal  waves  on  Seasat  SAR  imagery  in  the 
vicinity  of  continental  shelf  breaks  suggest  that  these  waves  may  be 
influenced  by  bottom  features.  In  their  early  studies  of  internal 
waves,  Apel,  et  al.  (1975)  noted  that  in  the  continental  shelf 
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FIGURE  17.  SCHEMATIC  DIAGRAM  OF  CURRENT,  WIND,  AND  CAPILLARY 
WAVE  INTERACTIONS. 
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regions  of  the  U.S.,  internal  waves  did  not  appear  on  satellite 
imagery  until  a  minimum  depth  was  reached,  and  furthermore,  once  be¬ 
yond  this  minimum  depth,  the  internal  waves  underwent  refraction  due 
to  the  changing  water  depth.  The  conclusion  which  can  be  drawn  from 
Apel's  work  is  that  internal  waves  on  continental  shelf  regions  can 
be  related  to  the  bottom  topography. 

Finally,  in  an  early  study  of  Seasat  SAR  imagery,  Shuchman  and 
Kasischke  (1979)  noted  the  occurence  of  numerous  "internal  wave-like" 
signatures  from  data  collected  over  the  North  Atlantic  Ocean.  It 
was  discovered  that  these  anomalous  signatures  occured  over  major 
deep  water  bottom  features,  such  as  the  Faeroe  Banks  and  the  Wyville- 
Thomson  Ridge  (water  depth  =  300-400  meters). 

Recent  examination  of  Seasat  SAR  imagery  collected  during  the 
JASIN  experiment  (Allan  and  Guymer ,  1980)  revealed  that  deep-water, 
internal  wave-like  signatures  in  the  North  Atlantic  always  occurred 
over  or  near  (within  30  kilometers)  a  deep-water  bottom  feature 
(Kasischke,  et  al.,  1982).  Furthermore,  whenever  the  Seasat  SAR 
covered  the  area  over  one  of  these  deep-water  bottom-features, 
seventy  percent  of  the  time  an  internal  wave-like  signature  appeared 
on  the  SAR  image. 

Further  evidence  which  supports  the  ability  of  SAR  to  detect  deep 
ocean  bottom  features  comes  from  recent  Seasat  altimeter  studies  (Le 
Schack,  et  al.,  1981;  Haxby,  1981),  which  have  determined  that  there 
is  a  significant  rise  in  the  mean  sea  level  over  guyots  and  submarine 
ridges,  in  some  cases  as  high  as  3  to  5  meters.  Given  the  sensi¬ 
tivity  of  the  surface  capillary  and  ultra-gravity  wave  field  to 
oceanic  processes,  and  the  obvious,  yet  not  completely  understood, 
physical  processes  occuring  over  these  deep  water  bottom  features, 
it  is  not  surprising  that  a  SAR-detectable  surface  feature  is 
present. 
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3.9  SAR  MEASUREMENT  OF  SURFACE  WINDS 

Knowledge  of  the  synoptic  distribution  of  ocean  surface  winds  is 
of  high  importance  to  oceanographers.  Wind  speed  and  direction  are 
important  inputs  for  wave  forecasting  and  hindcasting  models  (Earle, 
1981).  These  predictions  are  in  turn  used  as  an  aid  to  ship  routing, 
coastal  zone  management  and  offshore  drilling  operations.  According 
to  Pierson  (1981),  wind  measurements  are  required  as  a  function  of 
time  and  space  for  periods  ranging  from  three  hours  down  to  one 
minute  and  over  areas  of  several  hundred  square  kilometers  to  several 
square  meters.  Clearly,  the  only  feasible  way  to  acquire  these 
levels  of  spatial  and  temporal  coverage  is  to  employ  remote  sensing 
techniques. 

Wind  near  a  water  surface  causes  small  ripples  (i.e.,  capillary 
waves)  to  form  almost  instantaneously.  These  ripples  are  therefore 
highly  correlated  to  the  local  wind  field  and  microwave  measurements 
sensitive  to  this  scale  of  roughness  can  be  used  to  estimate  surface 
winds.  This  microwave/ripple  scattering  is  governed  by  the  pre¬ 
viously  discussed  8ragg  scattering. 

Nearly  all  of  the  work  in  microwave  wind  measurements  has  em¬ 
ployed  scatterometers  (as  reviewed  by  Moore  and  Fung,  1979).  How¬ 
ever,  recently  the  utility  of  SAR  in  monitoring  surface  winds  has 
been  explored  (Jones,  et  al.,  1981;  Weissman,  et  al.,  1980). 

An  empirical  model  proposed  by  Jones  and  Schroeder  (1978)  for 
relating  normalized  radar  cross  section  (oQ)  to  the  neutral  sta¬ 
bility  wind  vector  is: 

aQ(ratio)  =  U^g  5(1  +  cos  tp  +  cos  2  41)  (4) 

where  U^  ^  =  neutral  stability  wind  speed  at  19.5  m  height, 
y  =  wind  speed  exponent, 
a-|  and  ag  =  anisotropy  coefficients,  and 

\ P  =  radar  azimuth  direction  relative  to  upwind. 
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Typical  wind  speed  exponent  (y)  values  (obtained  from  a  scat- 
terometer)  range  from  1.0  to  1.5  at  13  GHz  (Moore  and  Fung,  1979). 
For  an  L-band  SAR,  past  studies  have  indicated  that  the  upwind/ 
downwind  anisotropy  coefficient  (o^)  is  negligibly  small.  This 
reduces  Eq.  (4)  to: 

°o  ■  U19.5<’  *  a2  cos  2*  >  (5) 

Present  efforts  to  use  SARs  to  measure  surface  winds  have  used 
this  simplified  equation. 

Although  several  experiments  have  employed  the  use  of  SAR  to  de¬ 
tect  surface  winds  (for  example,  see  Ross,  1981;  Jones,  et  al.,  1981; 
Ross  and  Jones,  1978;  Weissman,  et  al.,  1980),  this  review  discusses 
only  data  collected  during  the  Duck,  N.C.  experiment  (i.e.,  DUCKEX), 
as  presented  by  Jones,  et  al.  (1981). 

This  experiment  utilized  SAR  data  collected  by  Seasat  during  or¬ 
bit  1339.  After  appropriate  corrections  and  filtering,  the  L-band 
scattering  model  Eq.  (5)  was  applied.  The  parameters  and  y 
were  then  estimated  by  applying  a  least-squares  fit  of  the  SAR 
measured  power  and  the  surface  measured  winds.  The  surface  winds 
used  to  calibrate  the  model  were  determined  by  a  scatterometer  oper¬ 
ating  at  8  km  altitude.  It  was  found  that  the  SAR  backscatter  was 
nearly  isotropic  (a2  =  0.02),  with  a  wind  speed  exponent  y  =  0.4. 
This  is  in  good  agreement  with  previous  L-band  airborne  radar  mea¬ 
surements. 

Once  these  coefficients  were  determined,  the  model  was  tested  on 
an  independent  data  set.  Agreement  between  the  Seasat  SAR  and  SASS 
scatterometer  derived  winds  was  excellent  (rms  of  the  difference  was 
0.7  ms'1). 

SAR  data  used  for  surface  wind  measurements  are  generally  re¬ 
stricted  to  areas  free  of  bottom  features,  currents,  or  fronts.  As 
previously  described,  these  phenomena  act  on  the  wind-generated  Bragg 
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wave  field  and  can  therefore  affect  the  accuracy  of  any  wind  measure¬ 
ments  made  from  data  that  include  such  features.  In  the  case  of 
strong  winds,  the  effects  of  topography-  and  current-related  modu¬ 
lations  may  not  be  of  sufficient  importance  to  appear  in  SAR  data. 

The  use  of  SAR  to  measure  ocean  surface  winds  appears  promising. 
The  advantage  of  a  SAR  over  a  scatterometer  is  its  higher  spatial 
resolution.  This  allows  the  measurements  to  be  made  over  a  smaller 
surface  area,  and  therefore  on  a  fine  enough  scale  to  meet  the  ob¬ 
jectives  outlined  in  the  introduction  to  this  section. 

3.10  OBSERVATION  OF  SURF  ZONE  CONDITIONS 

Both  aircraft  and  satellite  SAR  systems  have  demonstrated  an 
ability  to  detect  various  environmental  parameters  pertaining  to  the 
surf  zone.  Detection  abilities  include:  (1)  location  of  the  break¬ 
ing  waves,  (2)  location  of  the  land/water  boundary,  (3)  measurement 
of  the  dominant  gravity  wave  wavelength  and  direction,  (4)  measure¬ 
ment  of  long- shore  current  strengths  and  directions,  and  (5)  detec¬ 
tion  of  long-period  surf  beats. 

A  SAR  sea  truth  comparison  reported  by  Shuchman  and  Meadows 
(1980)  and  Meadows,  et  al.  (1980)  indicated: 

1.  SAR-derived  wavelengths  and  directions  of  gravity  waves  are 
in  good  agreement  with  sea  truth, 

2.  SAR  directional  spectra  taken  in  various  water  depths  do 
correlate  with  predicted  wave  refraction, 

3.  The  bright  lines  found  on  the  SAR  imagery  correspond  to  the 
breaker  zone  as  defined  by  shore  observers, 

4.  Longshore  current  direction  and  relative  magnitude  as  ob¬ 
tained  from  the  SAR  Doppler  history  are  in  reasonable  agree¬ 
ment  with  sea  truth,  and 
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5.  Low-frequency  components  observed  on  SAR  spectra  seem  to 
correlate  with  low  frequency  "surf  beat"  found  in  sea  truth 
spectral  estimates. 

3.11  DETECTION  OF  OIL  SLICKS 

The  amount  of  received  backscatter  from  a  SAR  imaged  ocean  sur¬ 
face  is  a  function  of: 

1.  The  small  scale  roughness, 

2.  The  mean  slope  of  the  water's  surface,  and 

3.  The  velocity  of  the  ocean  scatterers. 

The  small  scale  roughness  is  the  most  important  of  the  three 
mentioned  factors.  A  maximum  backscatter  return  is  obtained  when 
the  small  scale  ocean  roughness  satisfies  the  Bragg  roughness  cri¬ 
terion  of  Eq.  (1 ). 

The  presence  of  oil  on  the  ocean  surface  significantly  reduces 
the  amplitude  of  capillary  and  ultra-gravity  ocean  waves  .  Equation 
(1)  predicts  that  an  X-band  and  L-band  SAR  imaging  the  ocean  at  45° 
incidence  angle  responds  to  ocean  Bragg  waves  are  2.2  cm  and  17  cm 
in  wavelength  respectively.  Oil  films  on  the  ocean  surface  will  damp 
the  X-band  Bragg  waves  more  readily  than  the  larger  L-band  resonant 
ocean  waves.  Figure  18  graphically  illustrates  this  concept  through 
an  example.  Shown  in  the  figure  is  simultaneously  obtained  X-  and 
L-band  SAR  imagery  of  a  crude-oil  slick  off  the  east  coast  of  the 
United  States.  Note  from  the  figure  that  the  X-band  SAR  data  more 
clearly  delineate  the  oil  slick  than  the  L-band  imagery.  Rawson  and 
Liskow  (1981)  calibrated  the  data  shown  in  the  figure  and  determined 
that  the  radar  backscatter  decreased  approximately  3  dB  at  X-band 
over  the  oil  slick  area,  while  the  radar  reflectivity  for  the  L-band 
data  decreased  approximately  1.5  dB  over  that  same  oil  slick  area. 
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3.12  SAR  DETECTION  AND  CLASSIFICATION  OF  SEA  ICE 

Much  research  has  been  done  in  the  area  of  SAR  detection  of  sea, 
laxe,  and  river  ice  (Ketchum  and  Tooma,  1973;  Larson,  et  al.,  1978; 
1981).  There  is  general  agreement  in  the  community  that  a  high 
resolution  aircraft  or  satellite  SAR  operating  at  an  X-band  (3  cm) 
frequency  can  detect  first  year  and  multi-year  ice,  and  open  water 
areas.  ^ 

Figures  19  and  20  represent  simultaneously  collected  X-  and 
L-band  (3  cm  and  23.5  cm  respectively)  parallel  and  cross  polarized 
sea  ice  data  collected  in  the  Beaufort  Sea.  Clearly  shown  on  the 
data  is  multi-year  ice  (letter  B),  first  year  ice  (letter  C)  and  open 
water  or  newly  formed  ice  areas  (letter  D).  These  data  have  approxi¬ 
mately  3  meter  resolution  in  both  range  and  azimuth,  and  the  inci¬ 
dence  angle  at  near  edge  is  approximately  10°,  while  at  the  far  edge, 
the  incidence  angle  is  approximately  60°.  Also  given  on  the  figures 
are  plots  of  relative  intensity  across  the  images  along  the  lines 
drawn  between  the  letters  A  and  A'.  This  example  of  typical  SAR  ice 
data  indicates  that  the  higher  frequency  X-band  cross  polarized  data 
(i.e.,  transmitted  horizontally  and  received  vertically)  result  in 
the  highest  contrast  between  first  year  and  multiyear  ice  flows. 

In  addition  to  detecting  ice  flows,  SAR  has  also  been  demon¬ 
strated  to  oe  capable  of  detecting  icebergs.  Larson,  et  al.  (1978) 
showed  that  X-band  cross  polarized  SAR  data  resulted  in  the  highest 
contrast  between  the  iceberg  and  surrounding  ice  flow  when  compared 
to  X-band  parallel  polarized  data  and  L-band  parallel  and  cross 
polarized  data. 

3.13  CONCLUSIONS  AND  RECOMMENDATIONS 

A  review  of  the  current  capabilities  of  SAR  for  oceanographic 
applications  has  been  presented.  SAR  data  collected  by  aircraft  and 
satellite  have  demonstrated  the  SAR  to  be  capable  of  the  following: 
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detec t i on  of  gravity  waves,  determination  of  the  magnitude  and  di¬ 
rection  of  surface  winds,  detection  of  current  velocity  and  direc¬ 
tion,  detection  of  bottom  features,  identification  of  oceanic  fronts 
and  internal  waves,  detection  of  ship  wakes,  detection  of  oil  slicks 
and  classification  of  sea  ice.  SAR's  ability  to  image  the  ocean  sur¬ 
face  independent  of  sun  illumination  (day  or  night),  as  well  as 
through  clouds  and  moderate  rain,  makes  it  an  ideal  ocean  remote 
sensor . 

The  SAR  spectral  estimates  of  gravity  waves  discussed  are  wave 
nuinoer  and  directional  spectra  of  the  radar  return  intensity.  At 
present,  wave  height  information  is  not  extractable  from  SAR  data. 
Tne  modulation  transfer  function  (i.e.,  the  SAR  gravity  wave  imaging 
mechanism)  is  not  totally  understood  at  the  present  time.  The  deter¬ 
mination  of  the  transfer  function  as  well  as  determination  of  wave 
height  using  SAR  data  will  be  a  major  scientific  advance.  At  that 
time  it  will  be  possible  to  use  SAR  gravity  wave  data  to  obtain 
power  density  estimates  of  the  sea  surface. 

The  Doppler  current  measurements  discussed  are  still  experimental 
and  the  reader  is  cautioned  that  this  technique  to  measure  currents 
is  far  from  operational  and  perhaps  a  new  SAR  system  will  have  to  be 
desig(  -.d  to  realize  the  measurement  of  sea  surface  currents.  Recall 
that  the  Doppler  method  works  only  on  currents  in  the  radial  (line- 
of-sight)  direction. 

To  realize  the  full  utility  of  SAR  in  detecting  frontal  boun¬ 
daries,  bottom  topographic  features  and  oil  spills,  the  respective 
SAR  imaging  mechanisms  underlying  the  observation  of  these  features 
need  to  be  quantified.  A  model  that  accounts  for  the  hydrodynamics 
of  the  subsurface  and  surface  flow  of  water  needs  to  be  developed. 
The  output  of  the  hydrodynamic  model  should  be  values  for  the  small 
scale  (Bragg  wave)  and  large  scale  (slope)  roughness  of  the  ocean  as 
they  are  altered  by  the  hydrodynamics.  An  electromagnetic  model 
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would  then  use  the  hydrodynamic  input  to  predict  observed  SAR  back- 
scatter.  Actual  SAR  imagery  should  then  be  used  to  validate  these 
models. 

The  ice  type  classification  using  SAR  data  demonstrates  the  need 
for  development  of  machine  aided  analysis  techniques  and  indicates 
the  advantage  of  a  multi -frequency  SAR  approach. 

Perhaps  the  greatest  problem  facing  SAR  oceanographic  users  is 
the  data  handling  problem.  SAR  signal  histories  must  first  be 
processed  into  image  histories  (either  complex  or  just  intensity) 
and  then  undergo  rather  time  consuming  additional  data  processing  to 
extract  the  useful  oceanographic  information.  Thus,  clever  data 
handling  schemes  such  as  the  SIFT  algorithm  need  to  be  developed  to 
shorten  computational  times. 
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4 

ANALYSIS  OF  MARSEN  UPD-4  AND  UPD-6  SAR  WAVE  DATA 

This  section  summarizes  the  present  progress  made  on  the  analysis 
of  UPD-4  and  UPD-6  SAR  data  collected  during  the  MARSEN  experiment. 
(UPD-4  and  UPD-6  are  model  codes  for  the  two  types  of  synthetic 
aperture  radars,  produced  by  Goodyear,  used  in  the  Maritime  Remote 
Sensing  Experiment  (MARSEN)  carried  out  in  the  North  Sea  in  the  sum¬ 
mer  and  fall  of  1979.  Principal  investigator:  Klaus  Hasselmann; 
Deputy:  Omar  Shemdin.  More  information  is  obtainable  from  ONR,  Code 
422CS.)  First  a  summary  of  the  SAR  data  utilized  in  the  study  is 
presented,  followed  by  a  discussion  on  the  special  enhancement  and 
processing  performed  on  the  signal  history  data.  Next  a  section  de¬ 
scribing  scatterer  motion  artifacts  visible  on  the  UPD-4  data  is 
presented.  SAR  derived  spectral  estimates  of  the  gravity  wave  field 
are  then  compared  to  sea  truth  estimates.  Finally,  a  recommen¬ 
dations  section  outlining  continued  analysis  for  the  UPD-4  data  set 
is  discussed. 

It  should  be  noted  that  the  purpose  of  this  chapter  is  to  present 
a  progress  report  on  the  analysis  of  UPD-4  and  UPD-6  SAR  data  from 
MARSEN,  not  discuss  the  overall  experiment  or  present  conclusive  re¬ 
sults.  The  reader  is  referred  to  the  1980  Pasadena  Workshop  Report 
(Anonymous,  1980)  for  a  description  of  the  overall  MARSEN  experiment. 
Additionally  it  should  be  noted  that  the  ERIM  analysis  to  oe  pre¬ 
sented  is  a  cooperative  effort  with  Dr.  Wolfgang  Rosenthal  of  the 
Geophysical  Institute,  University  of  Hamburg,  in  cooperation  with 
the  Max  Planck  Institute  of  Meteorology  in  Hamburg,  West  Germany. 
Only  representative  imagery  and  spectra  are  presented  in  this  report. 
The  complete  SAR  data  set  is  archived  at  the  Jet  Propulsion  Labora¬ 
tory  and  the  Max  Planck  Institute,  and  a  partial  set  of  the  imagery 
and  all  the  generated  spectral  estimates  are  stored  at  ERIM. 
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4.1  DATA  DESCRIPTION 

During  the  Fall  of  1979,  the  UPD-4  and  UPD-6  X-band  SAR  systems 
were  flown  over  regions  of  the  German  Bight  of  the  North  Sea.  There 
were  two  primary  test  sites  (Nordsee  Tower  and  Noordwijk),  whose 
locations  are  presented  in  Figure  21.  The  Nordsee  Tower  test  site 
was  located  in  30  m  deep  water  approximately  80  kms  due  west  of  the 
German  island  of  Sylt  while  the  Noordwijk  test  site  was  located  in 
10  m  deep  water  approximately  10  km  west  of  the  Dutch  coast. 

To  avoid  confusion,  we  will  now  discuss  the  nomenclature  used  to 
identify  a  specific  SAR  test  flight.  A  specific  mission  flown  by  an 
aircraft  is  referred  to  as  a  LINE  of  data.  Lines  of  data  collected 
by  the  UPD-4  system  were  annotated  by  a  one  or  two  digit  number  (e.g. 
line  6  through  line  13)  while  the  lines  collected  by  the  UPD-6  system 
had  an  annotation  with  a  "DA"  prefix  followed  by  a  three  digit  number 
(e.g.  line  DA187  through  line  DA240).  Within  a  given  LINE,  the  air¬ 
craft  changed  headings  a  number  of  times.  Each  individual  change  of 
direction  is  referred  to  as  a  PASS  of  data  within  a  LINE.  It  should 
be  noted  the  UPD-4  and  UPD-6  data  were  recorded  by  four  different 
displays  (CRTs);  therefore  the  18.5  km  (10  nmi )  swath  of  data  con¬ 
sists  of  four  SUB-SWATHS,  designated  A,  B,  C,  D. 

The  UPD-4  and  UPD-6  are  high-resolution  airborne  side-looking 
reconnaissance  SARs,  each  carried  aboard  a  U.S.  Marine  F-4,  operating 
at  X-band  (3  cm).  The  UPD-4  and  UPD-6  have  six  modes  of  operation 
which  provide  a  variety  of  standoff  distances  and  also  provide  both 
fixed  target  imagery  ( FT  I )  along  with  moving  target  imagery  (MTI). 
Imagery  can  be  obtained  from  either  side  of  the  aircraft.  For  the 
data  presented  in  this  report,  the  UPD-4  system  operated  in  a  right- 
look  only  mode  while  the  UPD-6  system  operated  in  a  mode  where  the 
SAR  would  look  both  to  the  right  and  to  the  left. 
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FIGURE  21.  MAP  OF  SOUTHEASTERN  NORTH  SEA  SHOWING  LOCATIONS 
OF  NOORDWI JK  AND  NORDSEE  TEST  SITES. 
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FTI  is  recorded  on  24  cm  (9.5  inch)  film  in  four  channels.  Each 
channel  is  nominally  4.6  km  (2.5  nmi )  in  width  with  an  additional 
0.46  km  (0.25  nmi)  overlap  between  adjacent  channels.  The  nominal 
resolution  of  the  UPD-4  and  UPD-6  systems  is  3  m.  The  fixed  slant- 
range  distance  to  the  near  edge  of  the  recorded  data  is  4.6  km  (2.5 
nmi ) . 

For  the  UPD-4  imagery,  the  near-edge  sub-swath  is  labeled  sub¬ 
swath  A  and  the  far-edge  sub-swath  D.  For  the  UPD-6  imagery,  the 
near  edge,  right-side  was  labeled  sub-swath  A;  the  far-edge  right- 
side,  sub-swath  B;  the  near-edge,  left-side,  sub-swath  C;  and  the 
far-edge,  left-side,  sub-swath  D.  During  the  MARSEN  experiment  the 
UPD-4  imaged  over  incidence  angles  ranging  from  40'  to  82°,  while 
the  UPD-6  imaged  over  angles  ranging  from  40*  to  75°. 

UPD-4  SAR  imagery  of  the  two  test  sites  collected  during  seven 
separate  missions  was  processed  at  ERIM  as  summarized  in  Table  6. 
ERIM  has  precision  optically  processed  data  from  all  four  sub-swaths 
of  the  Lines  6,  7,  10,  12,  and  13. 

UPD-6  SAR  imagery  collected  over  the  two  test  sites  during  ten 
separate  missions  was  processed  at  ERIM,  as  summarized  in  Table  7. 
ERIM  has  precision  optically  processed  data  from  all  four  sub-swaths 
of  all  passes  of  lines  DA188,  DA235,  DA239,  and  DA240.  For  the  other 
6  lines,  swaths  A  of  all  passes  was  processed. 

The  first  analysis  performed  on  the  UPD-4  and  UPD-6  data  was  to 
determine  the  sensitivity  of  these  data  to  special  motion  compen¬ 
sation  adjustments  used  during  processing  of  the  data.  Individual 
passes  of  data  from  UPD-4  lines  7,  10,  12,  and  13  were  used  for  this 
purpose.  This  analysis  is  described  in  detail  in  Section  4.2.  Fur¬ 
ther  experiments  designed  to  study  azimuth  smearing  and  orbital 
motion  using  MARSEN  data  are  described  in  the  following  section 
(4.3). 
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TABLE  6 

SUMMARY  OF  UPD-4  SAR  WAVE  DATA  COLLECTED  DURING  MARSEN 
AND  PROCESSED  AT  ERIM 


ine 

Area 

Date 

6 

Noordwi jk 

28 

September 

1979 

7 

Nor d see 

28 

September 

1979 

8 

Noordwi jk 

25 

September 

1979 

10 

Nordsee 

28 

September 

1979 

11 

Noordwi jk 

27 

September 

1979 

12 

Nordsee 

27 

September 

1979 

13 

Noordwi jk 

27 

September 

1979 
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TABLE  7 

SUMMARY  OF  UPD-6  SAR  WAVE  DATA  COLLECTED  DURING  MARSEN 
AND  PROCESSED  AT  ERIM 


Line 

Area 

Date 

DA  187 

Noordwi jk 

27  August  1979 

DA  188 

Noordwi jk 

29  August  1979 

DA  200 

* 

* 

DA  201 

* 

★ 

DA  228 

Nordsee 

25  September  1979 

DA  231 

Nordsee 

28  September  1979 

DA  232 

Nordsee 

28  Septemer  1979 

DA  235 

Nordsee 

2  October  1979 

DA  239 

Noordwi jk 

4  October  1979 

DA  240 

Noordwi jk 

4  October  1979 

*Data  Logs  Incomplete. 
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Finally,  selected  lines  of  UPD-4  and  UPD-6  data  were  digitized 
on  ERIM's  Hybrid  Digitizing  Facility  (Ausherman,  et  al.,  1975).  The 
digitized  data  include  areas  from  UPD-4  line  10,  passes  1-5,  sub¬ 
swaths  A-D;  UPD-4  line  12,  passes  1-3  and  the  Sylt  Target  pass,  sub- 
swatns  A-D;  and  UPD-6  line  DA235,  passes  2-6,  sub-swaths  A  and  C. 
The  analysis  of  the  SAR  derived  spectra  is  presented  in  Section  4.4. 
Summarized  in  Table  8  is  the  sea  truth  collected  during  the  MARSEN 
experiment  that  is  relevant  to  the  present  study. 

4.2  MOTION  COMPENSATION  ADJUSTMENTS 

The  first  step  in  the  analysis  of  UPD-4  and  UPD-6  SAR  data  was 
to  determine  the  sensitivity  of  these  data  to  motion  compensation 
adjustments  used  to  process  SAR  images  that  include  moving  scat¬ 
tered.  Previous  studies  using  aircraft  SAR  data  have  shown  that 
the  visibility  or  detectability  of  gravity  waves  is  often  sensitive 
to  motion  compensation  adjustments  made  during  the  processing  of  the 
SAR  signal  histories  (Kasischke,  et  al.,  1979;  Kasischke  and  Shuch- 
man,  1981).  These  motion  compensation  adjustments  are  inversely 
proportional  to  the  velocity  of  the  SAR  platform.  Since  the  F-4  air¬ 
craft  has  a  high  velocity  (~  210  m/s),  the  adjustments,  if  necessary, 
are  probably  quite  small  and  the  effect  on  SAR  imagery  quite  subtle. 

The  initial  work  quantifying  the  effects  of  target  motions  on 
the  synthetic  aperture  radar  imaging  mechanism  was  performed  by  Raney 
(1971)  SARs  are  sensitive  to  both  the  azimuth  and  range  velocity 
components  of  moving  targets;  a  SAR  image  of  a  moving  target  will 
sometimes  be  degraded. 

A  velocity  in  the  range  (line-of-sight)  direction  affects  the 
SAR  imaging  process  in  several  ways.  One  effect  is  an  azimuthal 
displacement  of  the  moving  target's  image  relative  to  a  stationary 
target's  image.  When  a  target  is  accelerating  in  the  range  direc¬ 
tion,  this  azimuthal  displacement  changes  during  the  imaging  time, 
resulting  in  a  smearing  in  the  azimuthal  direction.  Neither  one  of 
these  effects  is  correctable  during  processing. 
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A  range  velocity  component  will  also  cause  a  smearing  or  de- 
focusing  in  the  range  direction  due  to  a  rotation  of  the  phase  his¬ 
tory  of  the  target.  This  effect  can  be  corrected  for  during  process¬ 
ing  of  the  data  by  rotating  the  lenses  of  the  cylindrical  telescope 
in  the  optical  processor  (i.e.,  telerotation)  as  described  below. 

Motion  of  a  SAR  imaged  target  in  the  along  track  (azimuthal) 
direction  results  in  a  defocusing  of  the  image  in  the  azimuthal 
direction.  This  defocusing  can  be  compensated  for  during  processing 
by  adjusting  the  focal  length  of  the  azimuthal  lens.  For  a  more  de¬ 
tailed  discussion  of  the  problems  associated  with  imaging  moving 
targets  with  a  SAR,  the  reader  is  referred  to  an  article  by  Shuchman 
(1981). 

Four  motion  compensation  adjustments  were  analyzed:  1)  Range 
telerotation  adjustments;  2)  Azimuth  focus  shifts;  3)  A  combination 
of  azimuth  focus  shifts  and  telerotation  adjustments;  and  4)  Use  of 
various  integration  times  to  process  the  data.  A  complete  discussion 
of  these  motion  compensation  adjustments  is  presented  in  a  paper  by 
Shuchman  (1981)  which  is  included  in  the  appendix  to  this  report. 


To  summarize,  the  adjustment  used  to  correct  for  a  velocity  in 
the  range  direction  is  called  a  telerotation  adjustment  ( 0 )  and  is 
defined  as: 


0  = 


Vr  P 
VAC  Q 


(6) 


where  0 


P 

Q 


is  the  rotation  angle  for  correction, 
is  the  1 ine-of-sight  velocity  of  the  target, 

is  the  SAR  platform  velocity, 

is  the  azimuth  scale  factor,  and 
is  the  range  scale  factor. 


The  adjustment  used  to  correct  for  a  velocity  in  the  azimuth 
direction  is  a  shift  in  azimuth  focus  length  («F)  of  the  processor 
and  is  defined  as: 

«F  «  2  F  J*-  (7) 

0  VAC 

where  is  the  target  velocity  in  the  azimuth  direction,  and 

F  is  the  stationary  azimuth  focus  of  the  SAR  processor 

defined  as: 


where  R  is  the  slant  range  to  the  target, 
x  is  the  radar  wavelength, 
xQ  is  the  optical  processor  wavelength, 

M  is  azimuth  demagnification  of  the  optical  processor,  and 
Vp  is  the  velocity  of  the  recording  film  onboard  the  aircraft. 

The  combination  adjustment  uses  both  a  telerotation  adjustment 
for  the  velocity  vector  in  the  range  direction  and  an  azimuth  focus 
shift  for  the  velocity  vector  in  the  azimuth  direction. 

The  purpose  of  the  adjustment  experiments  described  below  was  to 
determine  if  the  visibility  of  the  gravity  waves  on  the  SAR  imagery 
increased  when  the  motion  compensation  adjustments  were  used  during 
processing  of  the  data.  To  measure  wave  visibility,  a  recently 
developed  wave  crest-to-trough  contrast  measurement  called  a  peak-to- 
background  ratio  (PBR)  was  used.  A  peak-to-background  ratio  is  ob¬ 
tained  by  measuring  the  peak  amplitude  of  the  two-dimensional  spectra 
produced  by  Fourier  transforming  the  SAR  wave  image  and  dividing  that 
peak  by  the  lowest  amplitude  in  the  same  K-space  of  that  peak  (see 
Figure  22). 
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peak  reading 


optical  probe  position 
for  background  reading 


D  0 

a)  Schematic  drawing  of  two-dimensional  b)Placement  of  optical  probe  for  peak-to-background 
Fourier  transform.  ratio  measurements. 


FIGURE  22.  SUMMARY  OF  PEAK-TO-BACKGROUND  MEASUREMENT 
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For  each  motion  compensation  adjustment  test,  five  separate  PBR 
measurements  were  obtained  for  each  telerotation,  focus  shift  or  com¬ 
bination  setting  From  these  five  samples,  an  average  PBR  can  be 
calculated  along  with  a  standard  error  of  the  estimate  (ox),  de¬ 
fined  as  (after  Schaeffer,  et  al.,  1979): 


where  sx  is  the  standard  deviation  of  the  mean,  and 
n  is  the  sample  size. 

By  running  a  statistical  analysis  of  variance  (ANOVA)  (Sheffe, 
1959)  test  on  the  PBR  from  a  set  of  motion  compensation  adjustments, 
it  can  be  determined  if  the  adjustments  resulted  in  significantly 
higher  PBRs,  and  hence  increased  wave  visibility  on  the  SAR  imagery. 

Previous  experiments  using  wave  motion  compensation  adjustments 
have  indicated  that  the  velocity  component  that  SARs  appear  most  sen¬ 
sitive  to  is  the  phase  speed  of  the  gravity  waves  (Kasischke,  et  al., 
1979;  Kasischke  and  Shuchman ,  1981).  Table  8,  the  summary  of  wind 
and  wave  conditions  present  during  the  times  UPD-4  data  were  col¬ 
lected,  indicates  the  existence  of  an  average  6.0  sec  wave  with  a 
phase  speed  c  =  9.4  m/sec.  This  phase  speed  was  used  in  the  cal¬ 
culation  of  all  motion  compensations. 

4.2.1  RANGE  TELEROTATION  ADJUSTMENTS 

Using  a  phase  speed  of  9.4  m/sec,  a  set  of  telerotation  adjust¬ 
ments  (0)  was  calculated  for  line  7,  pass  2  and  line  13,  pass  2  data. 
The  telerotation  adjustments  were  -30,  -20,  -3/20,  -0,  -1/20,  0,  0, 
and  20,  for  line  7,  pass  2  and  -20,  -0,  0,  1/20,  0,  3/20,  20,  and  30 
for  line  13,  pass  2.  A  positive  (  +  )  telerotation  is  an  adjustment 
for  waves  moving  towards  the  radar,  while  a  minus  (-)  telerotation 
is  a  setting  for  waves  moving  away.  In  line  7,  pass  2,  the  waves 
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were  moving  away  from  the  SAR  and  in  line  13,  pass  2,  the  waves  were 
moving  towards  the  SAR.  The  telerotation  adjustments  and  their  re¬ 
sultant  peak-to-background  ratios  are  summarized  in  Table  9  and 
Figure  23. 

An  analysis  of  variance  (ANOVA)  of  the  line  7,  pass  2  data  re¬ 
veals  no  significant  difference  between  the  average  PBRs  (wave  con¬ 
trast)  on  the  SAR  imagery  that  was  processed  using  the  various  tele¬ 
rotation  adjustments.  However,  from  Figure  23a,  we  can  see  there  is 
a  definite  bias  in  the  data,  with  the  curve  skewed  to  the  minus  tele¬ 
rotation  adjustments. 

An  ANOVA  of  the  line  13,  pass  2  average  PBRs  reveals  that  the 
positive  telerotation  adjustments  consistently  result  in  higher  PBRs 
than  the  minus  telerotations.  The  curve  in  Figure  23b  is  definitely 
skewed  to  the  positive  telerotation  adjustments. 

4.2.2  AZIMUTH  FOCUS  SHIFTS 

Using  a  phase  speed  of  9.4  m/sec,  a  set  of  azimuth  focus  shifts 
(«F  =  P)  were  calculated  for  the  line  7,  pass  4,  line  10,  pass  4  and 
line  12,  pass  2  data.  The  focus  shifts  were  -3P,  -2P,  -3/2P,  -P, 
-1/2P,  0,  +P,  +2P.  A  positive  (  +  )  focus  is  an  adjustment  for  waves 
moving  in  the  same  direction  as  the  SAR  platform,  where  a  minus  (-) 
focus  shift  is  for  waves  moving  the  opposite  direction.  In  all  our 
examples,  the  waves  were  moving  in  the  opposite  direction  as  the 
aircraft. 

Table  10  and  Figure  24  summarize  the  PBP.  versus  azimuth  focus 
shift  calculations.  An  ANOVA  of  the  line  7  and  line  10  data  revealed 
no  significant  differences  in  the  PBRs  from  the  various  focus  shifts. 
The  ANOVA  of  the  line  12  data  indicated  that  the  0,  -1/2P  and  -P 
focus  shifts  resulted  in  higher  PBRs  than  the  other  adjustments. 
However,  in  the  context  of  wave  visibility  on  SAR  imagery,  a  0.3  PBR 
difference  can  hardly  be  considered  significant. 


73 


RADAR  AND  OPTICS  DIVISION 


TABLE  9 

SUMMARY  OF  TELEROTATION  ADJUSTMENTS 
VERSUS  PEAK-TO-BACKGROUND  RATIOS  (PBRS) 


Telerotation 

Equivalent 
Phase  Speed 

Line  7 

Pass  2 

Line  13 

Pass  2 

Average 

PBR 

Standard 

Error 

Average 

PBR 

Standard 

Error 

30 

28.2  m/s 

26.7 

0.8 

20 

18.8  m/s 

6.8 

0.7 

24.8 

0.8 

3/20 

14.1  m/s 

23.6 

0.6 

0 

9.4  m/s 

7.1 

0.2 

24.8 

1.1 

1/20 

4.7  m/s 

27.2 

0.6 

0 

0  m/s 

7.0 

0.5 

17.4 

1.1 

-1/20 

-4.7  m/s 

7.4 

0.2 

-0 

-9.4  m/s 

7.8 

3.1 

19.4 

0.7 

-3/20 

-14.1  m/s 

8.0 

0.9 

-20 

-18.8  m/s 

7.9 

1.2 

15.0 

1.0 

-30 

-28.2  m/s 

6.7 

0.6 
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FIGURE  23.  WAVE  CONTRAST  (PBR)  AS  A  FUNCTION  OF  RANGE  TELEROTATION 
ADJUSTMENTS  USING  UPD-4  X-BAND  SAR  DATA  COLLECTED 
DURING  MARSEN. 
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FIGURE  24-A.  WAVE  CONTRAST  (PBR)  AS  A  FUNCTION  OF  AZIMUTH  FOCUS  SHIFTS 
USING  UP 0-4  X-BAND  SAR  DATA  COLLECTED  DURING  MARSEN. 
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As  with  the  range  telerotation  adjustments,  there  appears  to  be 
a  bias  in  the  data  towards  those  focus  shifts  which  adjust  for  the 
direction  the  waves  are  moving.  In  Figure  24,  we  can  see  that  the 
PBRs  for  minus  focus  shifts  have  slightly  greater  values  than  those 
for  the  positive  focus  shifts.  Remember,  for  the  data  examined,  the 
waves  were  moving  in  the  opposite  direction  as  the  aircraft,  indi¬ 
cating  a  minus  focus  shift  would  be  necessary  to  correct  the  data. 

4.2.3  COMBINATION  FOCUS  SHIFTS  AND  TELEROTATION  ADJUSTMENTS 

When  waves  are  somewhere  between  azimuth  and  range  traveling  on 
the  SAR  imagery,  a  combination  motion  adjustment  may  have  to  be  used. 
This  combination  adjustment  has  both  a  focus  shift  component  (pro¬ 
portional  to  the  velocity  vector  in  the  azimuth  direction)  and  a 
telerotation  component  (proportional  to  the  velocity  vector  in  the 
range  direction ). 

Using  the  phase  speed  of  9.4  m/sec,  a  set  of  combination  adjust¬ 
ments  (C)  was  calculated  for  line  7,  pass  3  and  line  10,  pass  3 
data.  The  combination  adjustments  were  3C,  2C,  C,  0,  -C,  -2C.  A 
plus  adjustment  is  for  waves  moving  towards  the  SAR  and  a  minus  ad¬ 
justment  is  for  waves  moving  away  from  the  SAR.  In  the  SAR  images 
processed  for  this  study,  the  waves  were  moving  towards  the  SAR. 

Table  11  and  Figure  25  summarize  the  PBR  versus  combination 
motion  adjustment  PBRs.  The  statistical  ANOVA  of  the  line  7  PBRs 
indicates  no  significant  differences  in  wave  visibility  as  a  function 
of  the  combination  adjustments,  while  the  ANOVA  of  the  line  10  data 
indicates  the  3C,  2C  and  C  adjustments  produced  higher  PBRs  than  the 
other  settings. 

In  summary,  it  appears  the  UPD-4  X-band  imagery  was  relatively 
insensitive  to  azimuth  focus  shifts  and  somewhat  sensitive  to  range 
telerotation  adjustments.  This  is  most  likely  a  result  of  the  high 
platform  velocity  of  the  F-4  aircraft  (210  m/s).  In  most  cases,  a 
graph  of  either  0,  P  or  C  versus  PBR  gave  an  indication  of  what 
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TABLE  11 

SUMMARY  OF  COMBI NEO  FOCUS  SHIFTS  AND  TELEROTATION 
ADJUSTMENTS  VERSUS  PEAK-TO-BACKGROUND  RATIOS  (PBRS) 


Line 

7 

Line 

10 

Pass 

3 

Pass 

3 

Combination 

Equivalent 

Average 

Standard 

Average 

Standard 

Adjustment 

Phase  Speed 

PBR 

Error 

PBR 

Error 

3  C 

28.2  m/s 

12.8 

0.9 

12.5 

1.0 

2  C 

18.8  m/s 

12.1 

0.7 

14.1 

0.6 

C 

9.4  m/s 

12.0 

0.8 

12.1 

0.8 

0 

0 

12.2 

0.5 

10.0 

0.5 

-  C 

-  9.4  m/s 

12.0 

0.5 

9.9 

0.6 

-2  C 

-18.8  m.s 

12.3 

1.2 

9.8 

0.4  ; 
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FIGURE  25.  WAVE  CONTRAST  (PBR)  AS  A  FUNCTION  OF  COMBINED  AZIMUTH 
FOCUS  AND  TELEROTATION  ADJUSTMENTS  USING  UPD-4  X-BAND 
SAR  DATA  COLLECTED  DURING  MARSEN. 
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direction  the  waves  are  heading  because  the  curve  is  skewed  in  that 
direction . 


4.2.4  INTEGRATION  TIME  MEASUREMENTS 

The  purpose  of  the  integration  time  measurement  was  to  answer 
the  question  of  whether  the  coherence  time  (or  lifetime  of  the  SAR 
scatterers)  should  be  of  concern  to  SAR  scientists  studying  gravity 
waves.  Raney  and  Shuchman  (1978)  using  data  from  Trunk  (1970)  re¬ 
ported  that  the  average  X-band  Bragg  ocean  scatterer  has  a  lifetime 
of  approximately  0.10  to  0.15  seconds  and  suggested  that  using  inte¬ 
gration  times  longer  than  this  scatterer  lifetime  would  not  result 
in  a  higher  contrast  of  wave  imagery  but  rather  would  result  in  de¬ 
graded  imagery.  Thus,  it  was  suggested  by  Raney  and  Shuchman  (1978) 
that  the  SAR  integration  time  (and  corresponding  azimuth  resolution) 
be  matched  to  the  conerence  time  of  the  scatterer  and  the  remaining 
SAR  bandwidth  information  be  utilized  in  a  non-coherent  manner  to 
reduce  the  speckle  of  the  images. 

This  concept  was  evaluated  using  line  7,  pass  4  data  where  the 
waves  were  traveling  in  the  azimuth  direction.  Both  -P  focus  shift 
and  +P  focus  shift  data  were  processed  using  five  different  inte¬ 
gration  times  (0.08  sec,  0,16  sec,  0.27  sec,  0.48  sec  and  0.55  sec). 
The  integration  times  and  average  PBRs  are  summarized  in  Table  12 
and  Figure  26. 

An  AN0VA  of  this  data  reveals  that  the  trend  is  significant. 
The  longer  the  integration  time  the  greater  the  PBR  or  wave  contrast. 
The  results  of  this  experiment  suggest  the  coherence  time  for  X-band 
ocean  Bragg  waves  maybe  longer  than  the  reported  0.10  to  0.15  seconds 
indicated  by  Trunk. 
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TABLE  12 

SUMMARY  OF  INTEGRATION  TIME  VERSUS  PEAK-TO-BACKGROUND 

RATIOS  (PBRS) 


-P  Focus 

Shift 

+P  Focus 

Shift 

Integration 

Average 

Standard 

Average 

Standard 

T  ime 

PBR 

Error 

PBR 

Error 

0.08  sec 

2.4 

0.1 

2.2 

0.1 

0.16  sec 

3.2 

0.1 

2.6 

0.2 

0.27  sec 

3.3 

0.1 

3.1 

0.1 

0.48  sec 

3.6 

0.2 

4.2 

0.1 

0.55  sec 

4.1 

0.2 

4.0 

0.1 
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4.2.5  DEPENDENCE  OF  WAVE  VISIBILITY  ON  SAR  LOOK  DIRECTION 

In  examining  the  data  in  Figures  23  through  25,  it  became  ap¬ 
parent  that  the  highest  wave  contrast  was  from  SAR  images  of  range 
traveling  waves  and  the  lowest  from  azimuth  waves.  It  has  long  been 
speculated  (see  Teleki,  et  al.,  1978)  that  SARs  will  image  range 
traveling  waves  better  than  they  will  image  azimuth  traveling  waves. 
The  MARSEN  data  set  offers  an  opportunity  to  further  examine  this 
question. 

Line  7  data  were  used  in  this  study.  Five  peak-to-back ground 
ratio  measurements  were  obtained  from  swath-A  in  the  same  general 
location  around  the  Nordsee  Tower.  The  average  PBRs  are  summarized 
in  Table  13  along  with  the  wave  orientation  relative  to  the  radar 
look  direction.  Also  indicated  on  the  table  is  whether  the  SAR  was 
looking  at  waves  propagating  towards  the  aircraft  (up-wave)  or  away 
from  the  aircraft  (down-wave).  These  results  are  also  presented 
graphically  in  Figure  27.  Analysis  of  Figure  27  and  Table  13  indi¬ 
cates  the  SAR  images  range  traveling  waves  better  than  azimuth 
traveling  waves.  By  comparing  pass  1  to  pass  5  and  pass  2  to  pass 
3,  we  can  see  another  trend  in  the  data;  the  SAR  images  waves  more 
clearly  when  they  are  moving  towards  the  SAR  than  when  they  are  mov¬ 
ing  away  from  the  SAR.  This  same  trend  was  observed  by  Kasischke 
and  Shuchman  (1981)  when  they  analyzed  SAR  data  of  wind-generated 
waves  on  Lake  Michigan. 

It  should  be  noted  that  although  higher  PBRs  were  obtained  from 
certain  radar  look  directions  over  others,  the  UPD-4  X-band  SAR 
imaged  gravity  waves  regardless  of  radar  look  direction. 

4.3  FURTHER  ANALYSIS  OF  MOTION  INDUCED  PERTURBATIONS  ON  SAR  IMAGERY 

In  examination  of  SAR  imagery  collected  over  coastal  regions, 
azimuth  streaks  are  often  noticed  on  the  images.  It  is  believed  that 
this  streaking  is  a  motion  induced  artifact.  This  phenomenon  was 
examined  using  MARSEN  UPD-4  X-band  SAR  data. 
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TABLE  13 

SUMMARY  OF  LINE  7  PEAK-T0-8ACKGR0UND  RATIOS  (PBRS) 


Pass 

Direction 
of  Waves* 

PBR 

Average 

PBR 

Standard 

Error 

1 

53*  up-wave 

7.0 

0.1 

2 

68°  down-wave 

8.9 

0.6 

3 

67*  up-wave 

11.5 

0.4 

4 

11“  up-wave 

6.1 

0.8 

5 

47"  down-wave 

3.3 

0.3 

*Up-wave  means  the  SAR  is  looking  at  a  wave  propagating  towards 
the  SAR;  down-wave,  at  a  wave  moving  away  from  the  SAR. 
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Wovm  Moving  Toward  SAR  Wavot  Moving  Away  From  SAR 


LINE  7 


FIGURE  27.  WAVE  CONTRAST  (PBR)  AS  A  FUNCTION  OF  RADAR 
LOOK  DIRECTION  USING  UPD-4  X-BAND  SAR  DATA 
COLLECTED  DURING  MARSEN. 


4.3.1  THEORY 

Synthetic  aperture  radar  uses  precise  sequential  measurements  of 
target  range  to  locate  targets  in  the  along  track  (or  azimuth)  dimen¬ 
sion.  Relative  measurements  of  range,  each  representing  small  frac¬ 
tions  of  a  radar  wavelength  are  recorded  to  establish  the  range  his¬ 
tory  (phase  history)  for  each  object  imaged  by  the  radar.  For  sta¬ 
tionary  objects,  the  range  to  that  object  changes  in  a  highly  pre¬ 
dictable  way  if  the  radar  platform  moves  in  a  straight  line.  For 
this  case  the  range  (R)  to  the  target  is  given  by 

2  2  1/2 

R  =  [Rg  +  (x  -  x0H  (10) 

where  RQ  =  the  minimum  target  range 

and  xQ  =  the  position  of  the  platform  when  R  =  RQ 

If  the  object  is  not  stationary,  the  range  history  is  perturbed  and 
an  uncertainty  in  the  objects  along  track  location  is  introduced. 
When  the  object  motion  is  a  uniform  radial  velocity,  Vr,  the  image 
of  the  object  at  the  output  of  the  radar  processor  will  appear  to  be 
shifted  in  the  along  track  direction  a  distance,  ax,  which  is  com¬ 
puted  as  (Raney,  1971): 

VrR 

ax  =  -n -  (11  ) 

VAC 

where  iS  ^lg  $AR  platform  velocity.  If  the  object  is  ini¬ 
tially  stationary  as  it  enters  the  radar  beam  and  then  accelerates 
to  a  maximum  velocity  as  it  leaves  the  beam,  the  image  will  be 
smeared  an  amount  ax  as  given  above.  Conversely,  any  azimuth  smear¬ 
ing  of  the  radar  image  may  be  attributed  to  a  range  of  radial  target 
velocities  given  by: 
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Thus,  the  extent  of  azimuth  image  defocusing  or  smear  may  be  used  to 
indicate  the  limits  on  the  effective  radial  velocity  spread  of  the 
target.  Note  that  the  displacement  or  smear  of  ax  is  independent  of 
the  radar  wavelength,  antenna  beamwidth  and  target  illumination  time. 

SAR  imagery  of  the  ocean  surface  often  shows  substantial  azimuth 
smearing  of  breaking  waves.  This  is  most  apparent  in  imagery  of  the 
near  shore  surf  zone  where,  because  of  azimuth  smear,  the  waves  al¬ 
ways  appear  to  be  traveling  in  the  cross-track  direction.  Similar 
effects  are  noted  in  the  open  ocean  where  cresting  seems  to  be  di¬ 
rectly  proportional  to  the  radar  range  and  is  not  dependent  on  the 
wavelength  of  the  radar.  This  suggests  that  the  smearing  may  be  the 
result  of  a  radial  velocity  distribution  characteristic  of  the  back- 
scatter  from  the  breaking  wave.  A  number  of  measurements  of  image 
smear  observed  in  the  MARSEN  radar  data  suggest  that  the  waves  imaged 
have  an  effective  radial  velocity  distribution  between  2.5  and  3  m/s. 


4.3.2  AZIMUTH  IMAGE  SCANS  OF  SELECTED  WAVE  IMAGERY 

A  Precision  Optical  Processor  (POP)  was  used  to  image  breaking 
waves  from  pass  3,  line  6  of  the  MARSEN  UPD-4  radar  data.  A  Gamma 
Scientific  scanner  was  set  up  at  the  output  plane  of  the  SAR  optical 
processor  to  record  the  azimuth  smear  of  the  breaking  waves  observed 
in  Swath  4.  Figure  28  is  an  azimuth  scan  of  the  breaking  wave  iden¬ 
tified  as  "A"  in  Figure  29.  The  signal  film  aperture  was  set  to 
illuminate  4  seconds  of  data  and  the  frequency  plane  was  opened  to 
pass  the  full  azimuth  Doppler  bandwidth.  The  measured  azimuth  smear 
is  about  255  m.  We  presume  that  the  actual  extent  of  the  breaker 
was  much  smaller  than  this.  Then  the  effective  radial  velocity  range 
may  be  found  from  Eq.  (12) 


89 


BREAKING  WAVE 


SAR  Look  Direction 


| - 1  km - 1 

FIGURE  29.  UPD-4  X-BAND  SAR  IMAGERY  COLLECTED  DURING 
MARSEN  ILLUSTRATING  AZIMUTHAL  STREAKING 
(Position  A  Is  Where  Azimuth  Intensity 
Scans  Were  Made). 
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(13) 


Where  ax  =  255  m, 

VAC  -  213  m/sec,  and 

R  =  21,500  m, 

255  x  213  o  c  _ 

AVr - 2T,500  =  2,5  m/sec* 

The  effect  of  observation  time  on  the  azimuth  displacement  was 
investigated  by  limiting  the  along  track  signal  film  illumination  to 
increments  of  1/3  second  illumination  intervals.  The  resulting  scans 
are  shown  in  Figure  30.  The  scan  labeled  "0"  was  made  with  a  5.5  mm 
aperture  centered  on  the  optical  axis  of  the  processor.  This  scan 
shows  an  image  spread  of  about  225  m.  The  scans  above  the  "0"  rep¬ 
resent  1/3  second  intervals  earlier  in  time  and  those  below  later 

time.  Note  that  the  smear  for  1/3  second  before  the  zero  has  a 

spread  of  ~  300  m  corresponding  to  a  AVp  of  about  3  m/sec.  This 

result  is  essentially  the  same  as  that  for  the  4  second  data  inver- 

val,  suggesting  that  the  effective  velocity  distribution  producing 
the  smearing  is  fully  developed  within  the  1/3  second  observation 
time.  Note  also  that  the  distribution  has  an  apparent  shift  toward 
the  end  of  the  pass  with  later  observation  times.  This  shift  might 
be  due  to  a  real  azimuth  velocity  of  the  breaking  part  of  the  wave. 
A  measurement  of  this  shift  is  shown  in  Figure  31.  The  image  appears 
to  shift  about  120  m  while  the  aircraft  moves  481.6  m.  It  can  be 
shown  that  an  azimuth  velocity  of  26.5  m/sec  would  produce  the  given 
shift.  The  shift  may  also  be  explained  as  a  shift  in  the  average 
radial  velocity  over  the  time  of  observation.  In  this  case  the 
average  velocity  of  the  breaking  wave  appears  to  shift  about  1/2 
m/sec  over  a  2.3  second  interval. 
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Figure  32  shows  the  resuit  of  scanning  the  image  using  sequential 
azimuth  spectral  bands.  The  frequency  bandwidth  was  chosen  to  rep¬ 
resent  what  would  be  expected  from  a  stationary  target  at  a  given 
range  over  a  1/3  second  interval.  The  scans  are  similar  although 
not  identical  to  those  made  with  the  1/3  second  signal  plane 
aperture. 

An  azimuth  scan  of  a  second  breaking  wave  is  shown  in  Figure  33. 
This  wave  is  located  near  the  one  identified  previously  and  shows  a 
spread  of  about  300  m  indicating  a  aVr  of  ~  3  m/sec. 

4.3.3  ORBITAL  MOTION  MEASUREMENTS 

Noted  throughout  pass  3  of  line  6  is  the  presence  of  what  appears 
to  be  lines  of  floats  attached  to  fish  nets  (see  Figure  34).  The 
images  of  these  floats  show  azimuth  spreading  effects.  If  the  motion 
of  a  float  is  not  restricted  by  the  presence  of  the  fishing  net  it 
may  be  expected  to  follow  the  orbital  motion  of  passing  ocean  swells. 
Tne  azimuth  spread  of  the  image  may  then  be  used  to  measure  the  or¬ 
bital  velocities  of  the  waves  if  the  waves  are  traveling  in  the  range 
direction . 

The  sea  truth  for  line  6  indicates  the  presence  of  swells  of  1  m 
wave  height  with  a  period  of  8  seconds.  The  orbital  velocity  (tan¬ 
gential)  is  thus 

VQ=^y  (14) 

or 

VQ  =  JL-g-JL  =  0.393  m/sec. 

Since  the  illumination  time  is  less  than  8  seconds,  the  full  spread 
of  ±  0.393  m/sec  will  not  be  effective  in  producing  image  smear;  how¬ 
ever,  we  may  limit  the  signal  film  illumination  to  a  2  second  inter¬ 
val  and  observe  various  degrees  of  smearing  depending  on  the  phase 
of  the  orbital  motion.  For  an  8  second  wave  a  2  second  observation 
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FIGURE  34.  SAR  IMAGE  OF  FLOATING  FISHNET  BUO/S  COLLECTED 
DURING  THE  MARSEN  EXPERIMENT. 
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will  record  one  quarter  of  a  cycle  of  orbital  motion.  If  the  orbital 
velocity  component  in  direction  of  the  radar  is  described  by  a  sine 
function,  the  maximum  change  in  velocity  for  a  1/4  cycle  interval 
occurs  between  -45*  and  +45°  (see  Figure  35).  Thus  the  maximum 
velocity  spread  will  be  given  by 

aV„  =  2  sin  45*  x  V.  =  2x  sin  45°  x  0.393  =  0.56  m/sec. 

r  o 

The  minimum  smear  occurs  between  +45°  and  135°  and  is  given  by 

aVr  =  (1  -  sin  45°)  x  VQ  =  (1  -  sin  45°)  0.393  =  0.115  m/sec. 

If  we  choose  an  observation  range  of  20  km,  the  expected  image  smear 
is  given  by  Eq.  (10) 

aV  R  aV  x  20,000 
AX  =  =  - m - =  93’9  ^  ' 

Thus  the  expected  float  image  smear  will  be  between 

93.9  x  0.115  =  10.8  m 
and  93.9  x  0.56  =  52.6  m. 

The  experimental  results  are  shown  in  Figures  36  to  39.  The  observed 
values  of  image  smear  of  the  fishing  floats  for  the  four  examples 
are:  31.5  m,  48  m,  50  m,  and  42  m,  respectively.  These  values  are 
all  quite  near  the  theoretical  maximum  of  52.6  m  and  therefore  may 
well  be  the  result  of  orbital  wave  motion. 

4.4  SAR  VERSUS  SEA  TRUTH  SPECTRAL  COMPARISONS 

This  section  of  the  report  considers  comparisons  between  SAR- 
derived  and  surface  measured  wave  spectra.  Past  studies  have  typi¬ 
cally  only  compared  the  dominant  peaks  of  SAR-derived  and  surface 
measured  spectra  for  both  wavelength  and  directional  information. 
In  this  study,  we  have  begun  to  investigate  the  relationship  between 


99 


RELATIVE  INTENSITY  SCAN  OF  A  FLOATING  FISHNET  BUOY 
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FIGURE  38.  RELATIVE  INTENSITY  SCAN  OF  A  FLOATING  FISHNET  BUOY 
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FIGURE  39.  RELATIVE  INTENSITY  SCAN  OF  A  FLOATING  FISHNET  BUOY. 
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the  two  spectra  not  only  in  the  dominant  or  peak  energy  region,  but 
also  in  the  frequency  ranges  above  and  below  this  peak.  The  purpose 
of  this  investigation  is  two-fold:  1)  To  compare  SAR  derived  domi¬ 
nant  wavelength  and  direction  to  surface  measurements  as  a  function 
of  SAR  parameters  and  varying  wind  and  wave  conditions;  and  2)  To 
investigate  the  relationship  between  the  SAR  and  sea  truth  spectra 
to  try  to  determine  the  transfer  function  between  the  two  instru¬ 
ments.  Solving  problem  two  would  allow  calculation  of  the  wave  power 
spectrum  from  the  SAR-derived  spectra,  and  thus,  an  estimate  could 
be  made  of  the  wave  height.  It  should  be  noted  that  results  from 
this  study  are  preliminary  and  no  definite  conclusions  have  been 
reached  at  present. 

4.4.1  DATA  SET 

The  SAR  data  used  in  Mi  is  study  were  collected  during  six  passes 
from  line  10  and  four  passes  from  line  12  by  the  X-band  UPD-4  system 
housed  in  United  States  Air  Force  of  Europe  (USAFE)  F-4  aircraft. 
Environmental  conditions  for  these  passes  were  given  previously  in 
Table  8. 

The  SAR  data  collected  during  lines  10  and  12  were  precision  op¬ 
tically  processed,  digitized,  and  512  x  512  pixel  subsets  were  ex¬ 
tracted  and  spectrally  analyzed  using  fast  Fourier  transform  (FFT) 
techniques  as  described  by  Shuchman,  et  al .  (1979b). 

The  3  m  pixel  digitized  SAR  images  were  converted  to  6  m  reso¬ 
lution  by  4  pixel  averaging  to  increase  coherence  in  the  image.  The 
average  value  of  each  azimuthal  line  was  subtracted  from  the  line  to 
remove  the  trend  of  intensity  falloff  with  increasing  range  distance. 
Two-dimensional  fast  Fourier  transforms  were  performed  on  each  256  x 
256  cell  subsection  to  yield  raw  directional  wave  number  spectra  each 
with  a  Nyquist  wave  number  of  0.52  nr1.  The  raw  spectra  were 
smoothed  by  replacing  each  value  with  the  average  of  the  surrounding 
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5  x  5  cell.  The  approximate  number  of  degrees  of  freedom  for  the 
resulting  spectrum  is  142  (Kinsman,  1965,  p.  464).  The  99  percent 
confidence  limits  are  then  ±  1.5  dB  (Jenkins  and  Watts,  1968). 

An  example  of  the  contour  plots  produced  from  these  transforms 
is  shown  in  Figure  40  for  all  four  sub-swaths  of  line  12,  pass  3  wave 
data.  Each  contour  on  these  plots  represents  a  3  dB  (50  percent) 
decrease  in  spectral  intensity  from  the  previous  one.  On  the  two- 
dimensional  plots  the  azimuth  direction  is  the  horizontal  direction 
while  the  vertical  axis  is  the  range  direction.  It  should  be  appar¬ 
ent  from  these  plots,  that  a  range-travel ing  artifact  becomes  more 
pronounced  as  the  range  to  the  ocean  surface  increases  (i.e.,  swath 
A  to  swath  D).  In  fact,  the  spectra  in  swaths  C  and  D  are  completely 
dominated  by  this  artifact.  This  is  not  a  result  of  the  digital 
processing  techniques  employed,  as  witnessed  by  the  corresponding 
optical  imagery  shown  for  all  four  sub-swaths  in  Figure  41.  Clearly, 
azimuth-oriented  streaks  can  be  seen  becoming  more  pronounced  as 
range  increases.  Over  this  same  interval,  the  gravity  waves  of 
interest  become  less  visible.  The  azimuth-oriented  streaks  lead  to 
a  perceived  range-traveling  wave.  The  exact  cause  of  this  streaking 
is  not  known  at  this  time  but  as  previously  discussed  in  Section  4.3, 
it  appears  to  be  a  motion  artifact.  Due  to  these  streaks  being 
present  on  all  MARSEN  UPD-4  imagery,  and  the  relative  fading  (de¬ 
creased  contrast)  of  imaged  gravity  waves  with  range,  accurate  wave 
estimates  could  only  be  extracted  from  sub-swath  A. 

The  surface-based  spectra  were  obtained  by  processing  measure¬ 
ments  collected  by  an  array  of  resistance  wave  staffs  operating  co¬ 
incidentally  with  the  SAR  overflights.  Recall  that  these  measure¬ 
ments  produce  spectra  as  a  function  of  frequency,  the  SAR-derived 
spectra  however  is  in  wavenumber  space,  the  SAR  spectra  has  to  be 
converted  to  the  frequency  domain  prior  to  any  direct  comparisons 
between  the  two. 


Sub-Swath  C  Sub-Swath  D 


FIGURE  40.  FFT-GENERATED  SPECTRAL  ESTIMATES  FOR  ALL  FOUR 

SUB-SWATHS  FROM  UPD-4  IMAGERY  OF  LINE  12,  PASS  3. 
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4.4.2  COMPARISON 

The  first  analysis  of  the  MARSEN  data  was  to  compare  the  esti¬ 
mates  of  dominant  wavelength  and  direction  obtained  from  the  SAR  data 
to  the  sea-truth  estimates.  Table  14  summarizes  the  results  obtained 
from  line  10,  sub-swath  A  data.  The  estimates  of  dominant  wave 
direction  produced  by  the  SAR  are  in  good  agreement  with  the  estimate 
produced  by  the  surface  measurements  (154°T).  The  estimates  of 
dominant  wavelength  produced  by  the  SAR  were  generally  higher  than 
the  surface  measurements  which  indicate  a  wave  of  57  m. 

Table  15  summarizes  the  results  obtained  from  line  12,  sub-swath 
A  data.  The  SAR  estimates  compare  well  with  the  sea  truth  estimates 
of  dominant  wavelength  (64  m)  and  wave  direction  (068°T)  for  this 
date.  It  is  interesting  to  note  that  two  dominant  wavelengths  and 
directions  were  detected  on  passes  2  and  3. 

The  two-dimensional  digital  transforms  produced  from  lines  10 
•and  12  were  further  processed  to  produce  one-dimensional  wave  number 
and  wave  direction  plots.  To  generate  a  one-dimensional  wave  number 
plot,  one-half  of  the  two-dimensional  FFT  spectrum  is  integrated  over 
all  angles.  A  one-dimensional  wave  direction  plot  is  generated  by 
extracting  values  for  a  given  wave  number  as  a  function  of  angle. 
The  wave  number  plots  were  converted  to  frequency  space  using  a  sim¬ 
ple  deep  water  dispersion  relationship  for  frequencies  ranging  from 
0.086  to  0.273  Hz.  Both  sets  of  spectral  intensity  were  normalized 
to  1  and  plotted  together.  Mean  directions  from  each  were  also 
plotted.  Figures  42  to  45  show  these  plots  for  the  four  passes  from 
line  12. 

From  the  results  summarized  in  Table  16,  it  appears  that  in  the 
peak  gravity  wave  region,  the  two  spectra  compare  extremely  well  in 
the  0.1  -  0.15  Hz  peak  region  (typically,  frequencies  *0.015  Hz, 
directions  *  24°).  At  frequencies  greater  and  less  than  this  peak, 
there  is  very  little  agreement  between  the  two.  It  is  this  "dis- 
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TABLE  15 

SUMMARY  OF  SAR  GENERATED  ESTIMATES  OF  DOMINANT 
WAVELENGTH  AND  DIRECTION  FROM  MARSEN  UPD-4  DATA,  LINE  12,  SUB-SWATH  A 
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FIGURE  42.  COMPARISON  OF  SURFACE- MEASURED  AND  SAR-DERIVED  SPECTRAL 
ESTIMATES  FROM  SYLT  TARGET  PASS,  LINE  12. 
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FIGURE  43.  COMPARISON  OF  SURFACE-MEASURED  AND  SAR-DERIVED  SPECTRAL 
ESTIMATES  FROM  PASS  1,  LINE  12. 
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TABLE  16 

COMPARISON  OF  SAR-DERIVEO  AND  SURFACE-MEASURED  SPECTRAL  ESTIMATES  FOR  LINES  10  AND  12 
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agreement"  that  we  would  like  to  identify  and  quantitatively  evaluate 
in  hopes  that  a  transfer  function  could  be  found  which  relates  the 
spectra.  The  benefits  of  such  a  function  would  be  the  ability  to 
calculate  a  wave  height  estimate  from  a  SAR-derived  spectrum. 

To  attempt  to  determine  the  relationship  between  the  two  spectra, 
a  model  of  the  form 


E<f)ftadar  '  E<f>SurfaCe  *  f”  <’5> 

was  proposed  where  E(f)fla{jar  and  k(f)surface  are  the  unnorma¬ 
lized  spectral  intensities  at  frequency  f,  and  o  is  an  unknown  con¬ 
stant.  Simple  mathematical  transformations  reduce  (15)  to 

109,0 (^wJ-  “  ,,6) 

The  significance  of  Eq.  (16)  is  that  if  a  constant  a  exists  which 
satisfies  Eq.  (15),  there  will  be  a  linear  relationship  between  the 
left  side  of  Eq.  (16)  and  log^f),  this  relationship  can  be  ex¬ 
amined  through  simple  linear  regression  analysis. 

To  test  this  theory,  a  scatterplot  was  produced  of  the  left  side 
of  Eq.  (16)  versus  log-jg(f)  for  line  10,  pass  4,  as  shown  in  Fig¬ 
ure  46.  At  first  inspection  there  does  not  appear  to  be  a  linear 
relationship  over  this  frequency  range  (0.086  -  0.273  Hz).  Upon 
closer  examination,  there  does  appear  to  be  linear  trends  at  fre¬ 
quencies  higher  and  lower  than  that  of  the  inflection  point  clearly 
visible  in  Figure  46.  Performing  a  regression  analysis  on  either 
side  results  in  a  estimates  of  -5.8  and  1.46  with  correlation  co¬ 
efficients  of  0.9  and  0.79  for  the  left  (0.086  -  0.164  Hz  )  and 
right  (0.164  -  0.273  Hz)  sides  respectively. 
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This  approach  was  followed  for  the  six  passes  of  line  10,  and 
the  four  passes  of  line  12.  These  areas  exhibited  similar  charac¬ 
teristics  to  the  example  above;  the  results  are  summarized  in  Table 
17.  It  appears  from  these  results  that  there  exists  a  predictable 
relationship  between  the  SAR-derived  and  surface-measured  spectral 
estimates  at  frequencies  lower  than  that  of  the  inflection  point. 
Frequencies  above  this  do  not  have  such  linear  behavior.  These  re¬ 
sults  are  not  applicable  between  data  sets  due  to  the  digitization 
and  data  handling  processes. 

The  application  of  the  above  results  has  not  yet  been  thoroughly 
analyzed.  Probably  the  key  questions  that  need  to  be  addressed  in¬ 
clude:  (1)  Do  other  data  sets  exhibit  characteristics  similar  to 

Figure  45?  (2)  What  procedures  should  be  followed  to  insure  norma¬ 
lization  in  the  digitization  process?  and  (3)  How  would  one  use  the 
derived  relationship  to  infer  wave  height?  In  any  case  a  rigorous 
analysis  should  be  undertaken  to  investigate  the  three  questions 
posed  above. 

4.5  SUMMARY  AND  RECOMMENDATIONS  FOR  ADDITIONAL  ANALYSIS  OF  MARSEN 
X-BAND  DATA 

This  preliminary  analysis  has  indicated  the  UPD-4  SAR  system 
successfully  imaged  the  dominant  gravity  wave  component  present  dur¬ 
ing  the  MARSEN  experiment.  The  shape  of  the  SAR-derived  spectrum  of 
the  wave  field  does  not  correspond  to  the  shape  of  the  wave  spectrum 
produced  by  surface  measurements.  A  transfer  function  to  relate  SAR 
derived  spectral  information  to  surface  measurements  is  presently 
under  development.  Further  analysis  of  the  MARSEN  data  set  indicates 
only  the  first  or  near  range  subswath  of  the  UPD-4  and  UPD-6  system 
produces  reliable  wave  estimates.  Dominant  wavelength  and  directio¬ 
nal  information  was  obtainable  independent  of  the  radar  look  direc¬ 
tion  (in  respect  to  wave  crest),  although  range  traveling  waves  are 
more  clearly  visible  on  the  imagery  than  azimuth  traveling  gravity 
waves . 
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TABLE  17 

SUMMARY  OF  a  ESTIMATES  FOR  LINES  10  AND  12 


Lower  Frequencies 


Line 

Pass 

a 

(Hz) 

10 

1 

-5.4 

0.086-0.133 

2 

-5.6 

0.086-0.133 

3 

-5.4 

0.086-0.133 

4 

-5.8 

0.086-0.133 

5 

-6.5 

0.086-0.133 

6 

-5.8 

0.086-0.133 

12 

SYLT 

-7.2 

0.086-0.180 

1 

-6.9 

0.086-0.180 

2 

-6.4 

0.086-0.172 

3 

-7.0 

0.086-0.172 

Higher  Frequencies 


R_ 

a 

(Hz) 

£ 

0.89 

1.2 

0.133-0.273 

0.45 

0.88 

1.3 

0.133-0.273 

0.44 

0.89 

1.3 

0.133-0.273 

0.47 

0.92 

1.5 

0.133-0.273 

0.52 

0.92 

1.4 

0.133-0.273 

0.50 

0.92 

1.4 

0.133-0.273 

0.48 

0.88 

1.7 

0.188-0.273 

0.35 

0.87 

1.5 

0.188-0.273 

0.29 

0.81 

1.8 

0.180-0.273 

0.44 

0.85 

1.2 

0.180-0.273 

0.27 
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The  analysis  has  also  indicated  that  the  UPD-4  and  UPD-6  systems 
are  relatively  insensitive  to  wave  image  enhancement  performed  during 
the  SAR  processing.  The  enhancement  adjustment,  which  is  inversely 
proportional  to  the  SAR  platform  velocity,  accounts  and  corrects  for 
the  motion  of  the  ocean  waves  during  the  SAR  observation  time.  Al¬ 
though  the  UPD-4  and  UPD-6  SAR  systems  are  insensitive  to  the  wave 
motion  correction  algorithms,  numerous  motion  artifacts  are  visible 
on  the  data.  These  artifacts,  which  appear  as  azimuth  streaks  on 
the  imagery,  are  more  pronounced  in  the  far  sub-swaths.  They  appear 
to  be  range  dependent  and  are  caused  by  velocity  variations  of  the 
ocean  scatterers.  One  possible  cause  of  these  image  artifacts  is 
breaking  waves. 

Five  topics  of  investigation  in  regard  to  the  X-band  SAR  MARSEN 
data  will  be  pursued  during  1982.  The  five  topics  are  listed  below: 

1.  Continue  the  development  of  the  transfer  function  of  SAR- 
derived  spectral  estimates  to  surface  measurements.  This 
effort  will  be  performed  jointly  with  Dr.  Rosenthal  of  the 
University  of  Hamburg. 

2.  Further  quantify  the  motion  induced  artifacts  (i.e.,  azi¬ 
muth  streaks)  observed  on  the  data.  A  theory  explaining 
their  origins  will  be  developed  and  the  question  as  to  which 
wave  component  causes  the  streaks  will  be  answered  if  pos¬ 
sible.  Additionally  the  correlation  of  these  artifacts  with 
breaking  waves  will  be  evaluated. 

3.  Evaluate  the  utility  of  the  UPD-4  system  to  provide  infor¬ 
mation  on  the  magnitude  and  direction  of  surface  winds.  In 
particular  the  stability  of  the  system  to  yield  quantifiable 
radar  backscatter  values  will  be  assessed.  The  MARSEN  SAR 
data  set  also  offers  the  unique  ability  to  ascertain  the 
isotropic  or  anisotropic  nature  of  X-band  Bragg  waves. 
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4.  Evaluate  the  utility  of  the  UPD-4  system  to  detect  currents 
and  frontal  boundaries.  Both  Dopper  as  well  as  radar  back- 
scatter  measurements  will  be  utilized  in  this  investigation. 

5.  Explore  the  utility  of  the  X-band  SAR  to  detect  sub-surface 
bottom  features  via  a  change  in  observed  backscatter. 
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APPENDIX 

Contained  in  this  Appendix  are  a  series  of  papers  which  are  the 
result  of  ONR  funded  research  conducted  during  the  1980  calendar 
year.  These  articles  are  presented  in  alphabetical  order,  according 
to  first  author,  as  summarized  in  Table  A1 .  The  figures  contained 
in  this  appendix  are  xerox  prints,  not  half-tone  prints.  Anyone 
wishing  to  obtain  higher  quality  reprints  should  contact  ERIM. 


131 


ira 


RADAR  AND  OPTICS  DIVISION 


TABLE  A1 

PAPERS  IN  APPENDIX 

A.  Jackson,  P.L.  and  R.A.  Shuchman,  High  Resolution  Spectral  Esti¬ 
mation  of  SAR  Ocean  Wave  Imagery,  submitted  to  J.  Geophys.  Res., 
1982. 

B.  Kasischke,  E.S.  and  R.A.  Shuchman,  The  Use  of  Wave  Contrast 
Measurements  in  the  Evaluation  of  SAR/Gravity  Wave  Models, 
Proceedings  of  the  Fifteenth  International  Symposium  on  Remote 
Sensing  or  Environment,  Ann  Arbor,  MI,  pp  1187-1209”,  May  1981 . 

C.  Kasischke,  E.S.,  R.A.  Shuchman,  O.D.  Lyden,  R.H.  Stewart,  J.F. 
Vesecky,  and  H.M.  Assal,  Seasat  Observation  of  Ocean  Gravity 
Waves  During  the  OASIN  Experiment,  Submitted  to  J.  Geophys.  Res., 
1981. 

D.  McLeish,  W.,  D.  Ross,  R.A.  Shuchman,  P.6.  Teleki,  S.V.  Hsiao, 
O.H.  Shemdin  and  W.E.  Brown,  Synthetic  Aperture  Radar  Imaging  of 
Ocean  Waves:  Comparison  with  Wave  Measurements,  J.  Geophys. 
Res.,  85,  pp.  5003-5011,  1980. 

E.  Meadows,  G.A.,  E.S.  Kasischke  and  R.A.  Shuchman,  SAR  Observations 
of  Coastal  Zone  Conditions,  Proceedings  of  the  Fourteenth  Inter- 
national  Symposium  on  Remote  Sensing  of  Environment,  Ann  Arbor, 
MI.,  pp.  848-8637  1880. 

F.  Meadows,  G.A.,  R.A.  Shuchman  and  J.D.  Lyden,  Analysis  of  Remotely 
Sensed  Long-Period  Wave  Motions,  submitted  to  J.  Geophys.  Res., 
1981. 

G.  Schwab,  D.J.,  R.A.  Shuchman  and  P.L.  Liu,  Wind  Wave  Directions 
Determined  from  Synthetic  Aperture  Radar  Imagery  and  from  a  Tower 
in  La<e  Michigan,  J.  Geophys.  Res.,  Vol.  86,  pp.  2059-2064,  1981. 

H.  Shuchman,  R.A.,  Processing  Synthetic  Aperture  Radar  Data  of  Ocean 
Waves,  Oceanography  from  Space,  ed.  by  J.F.R.  Gower,  Plenum  Pub- 
lishing  Company",  New  York,  pp.  477-496,  1981. 

I.  Shuchman,  R.A.,  Oceanographic  Information  Obtainable  from  Syn¬ 
thetic  Aperture  Radar,  presented  at  the  Symposium  on  Remote  Sens¬ 
ing  for  Oceanography,  Amagi,  Japan,  September  26-28,  1981. 

J.  Shuchman,  R.A.  and  G.A.  Meadows,  Airborne  Synthetic  Aperture  Radar 
Observations  of  Surf  Zone  Conditions,  Geophys.  Res.  Ltrs.,  Vol. 
7,  pp.  857-860,  1980. 

K.  Shuchman,  R.A.,  A.L.  Maffett  and  A.  Klooster,  Static  Modeling  of 
a  SAR  Imaged  Ocean  Scene,  IEEE  J.  Oceanic  Eng.,  Vol.  0E-6,  pp. 
41-49,  1981. 

L.  Shuchman,  R.A.,  E.S.  Kasischke  and  G.A.  Meadows,  Detection  of 
Coastal  Zone  Environmental  Conditions  Using  Synthetic  Aperture 
Radar,  IEEE  International  Geoscience  and  Remote  Sensing  Symposium 
Digest,  pp.  756-767,  t$8l. 


RADAR  AND  OPTICS  DIVISION 


M.  Shuchman,  R.A.,  E.S.  Kasischke,  J.D.  Lyden  and  G.A.  Meadows,  The 
Use  of  Synthetic  Aperture  Radar  to  Measure  Ocean  Gravity  Waves, 
Paper  presented  at  the  National  Academy  of  Sciences  Special  Con¬ 
ference  on  Wave  Technology,  Washington,  D.C.,  March  1981. 

N.  Vesecky,  J.F.,  R.H.  Stewart,  H.M.  Assal,  R.A.  Shuchman,  E.S. 
Kasischke  and  J.D.  Lyden,  Gravity  Waves,  Large-Scale  Surface 
Features  and  Ships  Observed  by  Seasat  During  the  1978  JASIN 
Experiment,  submitted  to  Science,  1981. 


HIGH  RESOLUTION  SPECTRAL  ESTIMATION  OF 
SAR  OCEAN  WAVE  IMAGERY 


P.L.  Jackson* 

Geological  Sciences  Department 
The  University  of  Michigan 
Ann  Arbor,  Michigan  48109 

and 

R.A.  Shuchman 
Radar  and  Optics  Division 
Environmental  Research  Institute  of  Michigan 
Ann  Arbor,  Michigan  48107 

ABSTRACT 

A  new  two-dimensional  spectral  estimation  procedure,  termed  semi- 
causal,  is  applicable  to  analysis  of  ocean  wave  gravity  waves.  Spec¬ 
tral  estimates  of  both  reference  functions  and  actual  synthetic  aper¬ 
ture  radar  (SAR)  data  of  ocean  waves  have  been  generated  using  semi- 
causal  techniques  and  compared  to  Fast  Fourier  Transform  estimates 
of  identical  data  sets.  The  semicausal  method  can  successfully  gen¬ 
erate  spectral  estimates  of  truncated  data  sets  and  data  sets  with 
two  closely  spaced  frequency  components.  The  semicausal  estimate  is 
sensitive  to  the  autoregressive  order  and  exhibits  spectral  splitting 
in  some  cases.  Its  noise  sensitivity  is  similar  to  that  of  the 
Fourier  transform. 


INTRODUCTION 

The  wave  number  and  propagation  direction  of  ocean  gravity  waves 
are  readily  computed  from  digitized  imagery  by  two-dimensional  spec¬ 
tral  estimation.  A  commonly  used  type  of  wave  spectra  display,  where 
the  distance  of  peak  values  from  the  origin  is  proportional  to  the 
wave  number,  is  shown  in  Figure  1.  Peak  values  are  shown  by  the 
contour  levels.  Propagation  direction  is  along  a  line  between  the 
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origin  and  the  peak  contour  values,  which  are  a  direct  but  as  yet 
undetermined  function  of  wave  height.  Note,  there  is  a  180*  ambig¬ 
uity  with  respect  to  direction  of  wave  propagation.  In  present  prac¬ 
tice,  ocean  wave  spectral  estimates  are  produced  by  both  digital 
(FFT)  and  optical  (OFT)  two-dimensional  Fourier  transforms  (Shuchman, 
et  al.,  1979). 

The  limited  resolution  of  the  Fourier  transform,  however,  impairs 
its  usefulness  in  discriminating  between  two  waves  whose  wave  numbers 
are  closely  spaced,  and  in  spectral  estimation  using  truncated  data 
sets.  Since  wave  refraction  produces  curved  wave  fronts,  the  spec¬ 
trum  of  severely  truncated  sets  must  be  estimated.  Truncation 
approximates  a  linear  wave  front,  which  enables  accurate  assessment 
of  propagation  direction  at  a  specific  location.  Overcoming  the  re¬ 
strictions  of  Fourier  transform  resolution  would  aid  in  more  accurate 
determination  of  wave  spectra. 

Many  investigators  are  involved  in  overcoming  Fourier  transform 
limitations.  Since  the  introduction  of  autoregressive  (AR)  tech¬ 
niques  by  Parzen  (1967)  and  the  similar  maximum  entropy  (MEM)  by  Burg 
(1967,  1975),  contributions  have  been  and  are  being  made  to  the 
development  of  new  high  resolution  spectral  estimation.  One¬ 
dimensional  spectral  estimation  methods  have  been  made  more  accurate 
and  reliable.  Frequency  shifts  have  been  reduced,  and  line-splitting 
eliminated  (Marple,  1980).  More  two-dimensional  high  resolution 
spectral  estimation  methods  are  also  being  introduced  (Roucos  and 
Childers,  1980).  A  recent  workshop  by  the  Acoustics,  Speech  and 
Signal  Processing  Society  of  IEEE  (Proceedings  of  the  First  ASSP 
Workshop  on  Spectral  Estimation,  1981)  demonstrated  the  wide  extent 
and  rapid  development  of  this  field. 

To  compare  the  semicausal  method  (SCM)  and  the  FFT,  both  were 
used  to  obtain  spectral  estimations  of  SAR  ocean  wave  imagery,  and 
also  of  synthesized  data  for  which  the  frequency  components  were 
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accurately  known.  The  high  resolution  technique  was  developed  by 
Jain  and  Ranganath  (1979)  and  termed  "semicausal which  we  abbrevi¬ 
ate  to  SCM.  Jain  (1981)  also  has  described  the  SCM  configuration  in 
an  image  enhancement  context.  The  SCM  employs  two-dimensional  AR 
and  is  representative  of  the  new  high  resolution  techniques  at  this 
stage  of  development.  The  method  does  exhibit  frequency  shifts  and 
line  splitting.  Its  sensitivity  to  noise  is  illustrated  in  this 
paper.  As  the  above  publications  by  Jain  and  Ranganath  are  not 
readily  accessible  and  do  not  fully  describe  the  derivation,  this  AR 
algorithm  and  its  derivation  will  be  described  here. 

Of  approximately  200  experiments  on  reference  functions  and 
approximately  30  on  ocean  wave  data,  a  selection  from  those  which 
most  clearly  compare  the  FFT  with  the  SCM  are  presented  here.  The 
results  of  the  comparison,  which  indicate  the  SCM  can  improve  resolu¬ 
tion  over  the  FFT,  are  shown  in  the  form  of  contour  plots. 

ALGORITHM 

A  two-dimensional  AR  scheme  is  employed  in  which  the  selection 
of  data  samples  to  form  the  AR  order  is  "semicausal."  This  term 
refers  to  the  two-dimensional  treatment  as  an  initial  value  problem 
(causal)  in  one  direction  and  a  boundary  value  problem  (non-causal) 
in  the  perpendicular  direction. 

The  algorithm  can  be  developed  as  follows:  We  wish  to  find  an 

AR  sequence  in  a  zero-mean  two-dimensional  random  field  U  to  predict 

a  sample  value  u.  . .  The  mean  square  error  between  the  actual 
^  ’  >  J 

value  u.  ,  and  uH  .  should  be  a  minimum.  The  AR  sequence  will 
then  enable  spectral  estimation  by  an  all-pole  rather  than  an  all¬ 
zero  model  as  in  the  FFT  (Ulrych,  1972). 

For  the  AR  sequence,  data  samples  are  chosen  which  are  interior 
to  a  window  W  as  shown  in  Figure  2.  Then, 
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(1) 


Ui.j  =  Ui,j  +  ei,j 


where  u.  .  is  the  datum,  u.  .  the  predicted  value,  and  e-  . 

*  >  J  *  t  J  *  >  J 

the  prediction  error. 

Substituting  for  u,  .,  Eq.  (1)  becomes 
■ 

P  P  q 

u  •  •  =  /  a  u.  .  +  )  )  a  u.  +  e .  . 

1»J  m»°  1~m»J  L->  Z_>  m,n  i-m,j-n  fci,j 

m=-p  m=-p  n=l 


(2) 


where  the  predicted  u .  .  is  written  as  a  linear  combination  of 

samples  within  the  window.  The  a„,  can  be  found  from  a  mean- 

m,n 

square-error  criterion,  which  implies  the  observations  are  orthogonal 
to  the  error. 


For  any  k,£  within  the  window,  Eq.  (1)  can  be  multiplied  by 
ui_k  j-z  and  exPected  values  taken: 

P 

E^ui , jui-k,j-£^  *  X  am,oE^i-m,jui-k,j-^^ 


m=-p 

m£0 

P  q 

+  X  X  am,nE^ui-m,j-nui-k,j-i,) 
n=-p  n=l 

+  E(ei,jui-k,j-^  ^ 

If  the  data  are  stationary,  Eq.  (2)  becomes 
P  P  q 

y(M)  -  L  nY(k-m,S,-n)  +  0,  (4) 


m=-p 

m*0 


m=-p  n=l 


since  E(ei  jU._k  j_A)  =  0  by  orthogonality.  is  the  two- 

dimensional  autocovariance  function. 
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At  k  =  £  =  0,  Eq.  (4)  becomes 


y(0,0) 


P  P  q 

2Z  *  2Z  H 

m=-p  m=-p  n=l 

Ul*0 


where 


E  ,j)  ’ 


as  E(u.  ■£.  .)  =  0  by  the  orthogonality  principle.  By 
1 * >J 

definition , 


is  the  variance  of  the  prediction  error. 
Combining  Eq.  (4),  (5),  (6),  and  (7), 


P  P  q 

Y<k,3.)  -  £  am>oY(k-™,<t)  -  £  £  am,n’r(k-m>£-n)  ’  “^k.o5 

m=-p  m=-p  n=l 

n£0 

where  5^  Q  a  1  when  k  =  0  and  5^  Q  a  1  when  £  =  0,  otherwise 
\  o  ~  5£  o  =  °*  SQ  tliat  3  ~  0  except  at  k  =  £  =  0. 

If  aQ  is  brought  within  the  window  and  set  equal  to  -1, 

effectively  subtracting  the  actual  value  u.  .  from  the  predicted 

/V  ■  *  J 

value  u,  then 
*  >J 

P  q 

Z]  £  am,ns<k-m-<l-n)  -  -*2*k,o*t.o 
m=-p  n=0 

where  it  is  clear  that  s  is  the  error  in  prediction  of  u.  . . 

*  *  J 

In  matrix  notation,  Eq.  (9)  can  be  written  as 


I 


where  £  and  ]_  are  column  matrices  of  (2p  +  l)(q  +  1)  elements  each, 
which  is  the  number  of  elements  within  the  window  W  plus  one.  a  is 
the  AR  sequence  of  coefficients.  1_  is  a  string  of  zeros  except  for 
the  (pq  +  p  +  1)  entry,  which  is  unity,  and  represents  «.  «. 

jO  |0 

of  Eq.  (9).  R  is  a  block  Toeplitz  matrix  of  [(2p  ♦  1 ) ( q  +  1)]^ 
elements. 

Equation  (10)  can  be  restated  as 

a  =  -s2R_11_  (11) 

Since  a  =  -1 

0,0 

-1  =  -B  [R  3(pq+p+1 tpq+p+l )  » 

or 

S2  =  l/[pq+p+l,  pq+p+1)  element  of  R-1]  ,  (12) 

and 

a.  =  -s2[(pq+p+l)  column  of  R“*]  (13) 

Since  the  column  vector  £  represents  the  least-mean-squares  es¬ 
timate  of  the  AR  coefficients,  we  have  the  samples  to  make  an  AR  all¬ 
pole  spectral  estimation. 

The  algorithm  to  find  the  two-dimensional  AR  coefficients  is 
straightforward  except  for  some  detailed  bookkeeping  to  select  the 
correct  elements  of  the  matrix  R: 

1.  Obtain  the  covariance  (autocorrelation)  through  the  FFT. 

2.  Form  the  block  Toeplitz  matrix  R  from  the  (2p+l)(q+l)  ele¬ 
ments  of  the  window  W  on  the  autocovariance  function.  «(o,o) 
is  located  in  an  analogous  position  to  u.  .  in  Figure  2. 

3.  Invert  the  matrix  R  to  obtain  R~*. 
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-1  2 

4.  Select  elements  from  R  which  represent  -e  and  £. 

2 

5.  With  -s  and  a^  compute  the  power  spectra  estimation  by 
the  2-D  analog  of  the  one-dimensional  AR  method  (Ulrych, 
1972). 

P 

«2  L  v° exp 

S(k,l)  »  — g - -  (14) 

22  22  aro,n  exp  (-^Cn.k*nlt])2 
m=-p  n=0 

where  S(k,£)  is  the  2-0  power  spectrum,  i  =  S-\,  and  r  =  2ir/s  where 
s  is  the  number  of  samples  in  one  period. 

WAVE  ANALYSIS  BY  SPECTRAL  ESTIMATION 

Background 

A  two-dimensional  spectral  estimation  of  SAR  images  of  ocean 
waves  shows  the  direction  and  wavelength  of  the  waves.  However,  when 
waves  are  refracted,  a  range  of  directions  is  estimated  if  the  image 
includes  many  wavelengths.  A  directional  smearing  in  the  spectral 
estimation  prevents  the  assignment  of  a  wave  direction  to  a  specific 
location.  Since  the  amount  of  wave  refraction  reveals  water  depth, 
it  is  desirable  to  specify  wave  directions  at  specific  locations. 
These  specifications  require  spectral  estimations  of  data  sets  trun 
cated  to  a  wavelength  or  less.  As  the  main  lobe  of  the  FFT  is  in¬ 
versely  proportional  to  the  size  of  the  data  sample,  the  lobe  becomes 
large  when  data  is  severely  truncated,  and  resolution  is  thereby  de¬ 
graded.  Discrimination  between  two  similar  waves  is  also  degraded 
because  of  the  merging  of  FFT  main  lobes  produced  by  each  wave  train. 

Recent  spectral  estimation  developments  have  concentrated  on  re¬ 
ducing  the  main  lobe  to  improve  resolution,  and  to  reduce  sidelobes. 
Historically,  improved  resolution  has  come  with  limitations: 
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spectral  splitting,  and  frequency  shifts.  As  noted  above,  limita¬ 
tions  have  been  addressed  and  improvements  made  in  the  one¬ 
dimensional  case  (Marple,  1980).  Spectral  estimation  by  the  SCM 
produces  much  narrower  main  lobes  than  the  FFT,  but  shares  in  the 
above  limitations. 

Spectral  Estimation  of  Wave  Data 

Spectral  estimates  of  SAR  ocean  wave  data  from  the  1975  Marine- 
land  Experiment  (Shemdin,  et  al.,  1978)  and  from  the  SEASAT  JASIN 
Experiment  (Allan  and  Guymer,  1980)  were  produced  by  both  the  FFT 
and  the  SCM.  An  example  of  Marineland  imagery  is  shown  in  Figure  3. 
The  spectral  estimates  are  shown  in  Figures  4  and  5,  where  the  wave 
number  k  is  2ir/x  and  \  is  the  ocean  wavelength. 

The  vertical  axis  on  the  spectra  in  Figures  4  and  5  corresponds 
to  the  range  dimension  on  the  radar  image  while  the  horizontal  axis 
is  in  the  direction  of  the  SAR  platform  motion.  The  angles  of  the 
frequency  components  with  respect  to  the  origin  (at  the  center)  in¬ 
dicate,  with  180°  ambiguity,  the  direction  of  ocean  wave  propagation. 

In  the  1975  Marineland  Experiment,  ocean  waves  were  imaged  with 
a  SAR  X-band  (3  cm  radar  wavelength)  aircraft  system.  A  pitch  and 
roll  buoy  operating  at  the  time  of  data  collection  indicated  a  wave 
train  identified  as  a  swell  (8  second  period  or  80  m  wavelength, 
k  =  0.08)  was  traveling  in  the  approximate  direction  of  270°  with 
respect  to  true  north.  The  significant  wave  height  (H-j^)  was 
1.5  -  1.8  m.  A  complete  comparison  between  the  pitch  and  roll 
spectra  and  SAR  derived  spectra  (utilizing  FFT  techniques)  is  given 
by  Mcleish,  et  al.,  (1980). 

t  L-band  (23.5  cm  wavelength)  SAR  satellite  data  from  SEASAT  was 

j  collected  during  the  JASIN  Experiment  (Allan  and  Guymer,  1980).  A 

pitch  and  roll  buoy  was  also  operating  during  the  JASIN  SAR  data 
collection  (SEASAT  Revolution  1049)  and  a  wave  train  identified  as 
swell  (12.5  sec  period  or  244  m  wavelength)  was  traveling  in  the 
approximate  direction  of  264’  with  respect  to  true  north.  The 
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significant  wave  height  (H^)  for  the  JASIN  case  was  approxi¬ 
mately  5.0  meters.  SEASAT  SAR  data  have  a  resolution  of  approxi¬ 
mately  25  meters  while  the  aircraft  data  have  a  finer  resolution  of 
3  meters. 

Figures  4  and  5  indicate  the  SCM  spectrum  corresponds  closely  to 
the  FFT  spectrum  and  to  data  gathered  at  the  ocean  surface.  Note 
that  the  ocean  surface  measurements  of  the  gravity  wave  field  as  ob¬ 
tained  from  pitch  and  roll  buoys  are  indicated  on  Figures  4  and  5  as 
crosses.  Figure  4  illustrates  the  FFT  and  SCM  spectrum  for  a  short 
truncation  (1.5  cycles)  of  ocean  wave  data.  The  SCM  spectrum  has 
definite  peaks  closely  approximating  the  ocean  surface  measurements, 
and  has  no  peak  at  the  origin.  The  corresponding  FFT  has  a  peak  at 
the  origin,  two  lower  peaks  (one  of  which  corresponds  to  ocean  sur¬ 
face  measurements),  and  has  a  more  diffuse  pattern. 

In  Figure  5,  the  spectral  estimation  of  a  comparatively  large 
region  of  SAR  ocean  data  shows  different  results  with  the  two  meth¬ 
ods;  the  FFT  appearing  mottled.  These  data  from  SEASAT  SAR  represent 
10  wave  cycles.  In  the  FFT,  much  energy  goes  into  zero  frequency, 
even  when  the  bias  has  been  removed  from  the  data.  A  similar  mottled 
appearance  throughout  the  FFT  frequency  plane  has  been  found  in  the 
approximately  50  FFT  spectra  of  SAR  ocean  wave  imagery  which  we  have 
processed.  It  is  necessary  to  look  for  clustering  of  small  peaks  to 
establish  the  dominant  wave  in  the  FFT.  The  pitch  and  roll  data  in¬ 
dicated  only  the  major  frequency  component  shown  in  the  SCM  spectrum. 

Spectral  Estimation  of  Synthetic  Data 

To  evaluate  the  comparative  attributes  of  SCM  and  FFT,  synthetic 
data  were  also  generated  and  spectrally  estimated.  Comparative  spec¬ 
tral  estimation  of  data  characterized  by  short  truncation,  narrowly 
separated  components,  and  various  signal-to-noise  ratios  are  shown 
in  the  power  spectra  of  Figures  6  and  7.  The  synthetic  data  are  sine 
waves  generated  with  initial  shifts  of  w/4 . 
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Figure  6  illustrates  the  comparative  resolution  of  a  single  sine 
wave  of  less  than  1  cycle  with  10  dB  SNR.  Note  the  widths  of  the 
main  lobes  of  the  SCM  are  significantly  smaller  than  those  of  the 
FFT. 

In  Figure  7,  two  closely  spaced  frequency  components  are  sepa¬ 
rated  in  the  SCM  spectrum  but  merged  in  the  FFT.  One  component  is 
1.43  cycles,  the  other  2  cycles  long.  The  ratio  of  the  frequencies 
is  1.4,  which  is  closely  approximated  by  the  SCM  spectrum. 

One  of  the  limitations  of  the  new  high  resolution  spectral  esti¬ 
mation  is  occasional  spectral  splitting,  where  two  peaks  are  formed 
for  one  frequency  component.  An  example  is  shown  in  Figure  S.  As 
spectral  splitting  has  recently  been  eliminated  in  one-dimensional 
spectral  estimation,  probably  a  similar  advance  in  two-dimensional 
spectral  estimation  can  be  expected. 

Noise  Effects 

Experiments  on  severely  truncated  synthetic  data  show  the  main 
lobes  of  the  SCM  estimation  significantly  smaller  than  those  of  the 
FFT  under  additive  noise  conditions.  Both  fail  to  discriminate  the 
synthesized  frequency  at  and  below  a  signal-to-noise  ratio  (SNR)  of 
about  -5  dB.  The  synthetic  data  were  generated  with  sample  interval 
of  1/8  of  a  period.  A  total  of  6  samples  were  used,  giving  a  data 
length  of  5/8  of  a  period.  Initial  phase  was  n/4.  For  these  syn¬ 
thetic  data.  Figure  9  compares  the  -3  dB  levels  of  main  lobes  of 
spectrum  estimations  for  both  the  SCM  and  FFT  at  four  SNR  levels. 

The  FFT  is  sensitive  to  phase  (Jackson,  1967;  Marple,  1976),  and 
the  SCM  was  also  found  to  be  sensitive  to  phase,  similar  to  the  one¬ 
dimensional  maximum  entropy  method  (Chen  and  Stegen,  1974).  In  addi 
tion,  noise  individuality  can  cause  moderate  differences  in  the  spec 
tral  estimation  between  two  or  more  estimations  at  identical  SNR 
levels,  as  is  well  known.  The  effects  of  phase,  noise  variations 
and  AR  orders,  which  are  beyond  the  scope  of  this  paper,  remain 


within  a  reasonable  range  and  do  not  substantially  alter  the  results 
illustrated  in  Figure  9.  The  AR  orders  used  for  the  illustrated 
spectral  estimations  were  p  »  4  q  *  z  (see  Figure  2). 

SUMMARY 

Examples  of  spectral  estimation  of  SAR  ocean  imagery  show  that  a 
new  high  resolution  autoregression  method  can  be  used  to  obtain  the 
wavelength  and  propagation  direction  of  ocean  gravity  waves.  The 
algorithm  is  termed  the  "semicausal  method"  (SCM).  More  pronounced 
spectral  peaks,  less  mottling,  and  less  energy  at  zero  frequency  were 
found  with  this  method  than  with  the  commonly  used  FFT. 

Synthetic  data  were  generated  to  compare  the  SCM  with  the  FFT. 
With  a  truncation  of  less  than  a  single  wavelength,  the  new  method 
produces  a  main  lobe  significantly  smaller  than  the  width  of  the  FFT 
main  lobes.  Also,  two  closely  spaced  sine  wave  components  were  dis¬ 
criminated  where  the  FFT  failed  to  discriminate. 

Noise  sensitivity  was  demonstrated  by  the  comparative  sizes  of 
main  lobes  under  different  SNR  condition'. .  For  severe  data  trunca¬ 
tions,  the  SCM  main  lobe  continue  to  be  smaller  than  that  of  the  FFT 
for  SNR  conditions  down  to  approximately  -5  dB.  Below  -5  dB,  both 
the  FFT  and  the  SCM  fail  to  produce  valid  spectrums  under  conditons 
of  severe  data  truncations. 

High  resolution  frequency  analysis  using  autoregression,  moving- 
averages,  maximum  entropy  and  other  concepts  is  a  swiftly  developing 
field  in  which  many  investigators  are  offering  insights  and  improve¬ 
ments.  The  algorithm  described  and  demonstrated  here  is  representa¬ 
tive  of  new  techniques  in  this  field.  These  techniques  were  devel¬ 
oped  to  achieve  high  resolution  and  accuracy,  and  improvements  in 
accuracy  are  being  made.  The  SCM  algorithm  shows  two  limitations  at 
this  stage  of  development:  spectral  splitting  and  frequency  shifts. 
These  are  well-known  limitations  in  one-dimensional  AR  estimations 
and  are  being  reduced  or  eliminated  with  new  algorithms. 


For  short  data  truncations  and  for  discriminating  two  similar 
wave  trains,  this  algorithm  can  be  an  aid  in  specifying  the  wave¬ 
length  and  direction  of  ocean  waves  from  airborne  or  satellite 
i magery . 
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ABSTRACT 


A  new  method  to  measure  the  detectability  of  gravity 
waves  imaged  by  a  synthetic  aperture  radar  (SAR)  has  been 
developed.  This  new  method  is  called  a  peak-to-background 
ratio  (PBR) .  The  PBR  was  used  in  studying  two  different 
SAR  data  sets.  X-  and  L-band  aircraft  SAR  data  collected 
over  a  Lake  Michigan  test  site  were  used  to  study  the 
effects  of  changing  SAR  processing  parameters  (telerotation 
adjustments  and  integration  time)  on  wave  visibility.  A 
second  data  set  was  collected  by  the  Seasat  L-band  SAR  over 
the  JASIN  test  array  and  was  used  to  correlate  PBRs  to 
various  wind  and  wave  parameters.  Results  of  this  study 
indicate  the  peak-to-background  ratio  is  an  effective 
means  to  correlate  SAR/oceanography  theory  with  actual  SAR 
data  sets. 


1 .  INTRODUCTION 

Synthetic  aperture  radar  (SAR)  is  an  active  imaging  device  that  senses 
the  environment  with  short  electromagnetic  waves.  As  active  sensors,  radars 
provide  their  own  illumination  in  the  microwave  region  of  the  electromagnetic 
spectrum  and  thus  are  not  affected  by  temporal  changes  in  emitted  or  reflected 
radiation  from  the  earth's  surface.  Additionally,  SARs  have  the  recognized 
advantages  of  being  able  to  image  the  earth's  surface  independent  of  weather 
conditions  and  also,  to  provide  synoptic  views  of  the  ocean  at  high  resolu¬ 
tion.  The  resolution  of  aircraft  SARs  are  typically  on  the  order  of  a  few 
meters  while  the  Seasat  satellite  SAR  had  a  resolution  of  approximately  25 
meters.  Most  radars  operate  in  the  frequency  region  of  300  MHz  (1  m)  to  30 
GHz  (1  cm),  and  bandwidths  within  this  region  are  commonly  designated  by  let¬ 
ters.  SARs  discussed  in  this  paper  are  designated  as  L-band  (23.5  cm)  or 
X-band  (3.2  cm) 

Additionally,  synthetic  aperture  radar  is  a  coherent  airborne  or  space- 
borne  radar  that  uses  the  motion  of  a  moderately  broad  physical  antenna  beam 
to  synthesize  a  very  narrow  beam  thus  providing  fine  azimuthal  (along-track ) 
resolution  (Brown  and  Porcello,  1969;  Harger ,  1970).  Fine  range  (cross-track) 
resolution  is  achieved  by  transmitting  either  very  short  pulses  or  longer 
coded  pulses  which  are  compressed  by  matched-filtering  techniques  into  equiva¬ 
lent  short  pulses. 

During  the  past  decade,  much  research  has  centered  on  the  use  of  SARs  to 
monitor  the  earth's  oceans.  Among  the  oceanographic  features  which  can  be 
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sensed  by  a  SAR  are  ocean  gravity  waves,  surface  currents  and  fronts,  surf 
zone  conditions,  sea  ice,  and  surface  wind  speed  and  direction  (for  a  review, 
see  Shuchman,  et  al.,  1981).  This  paper  will  center  on  using  SARs  to  image 
ocean  gravity  waves. 

Several  recent  experiments  have  been  designed  specifically  to  test  SAR's 
ability  to  image  ocean  gravity  waves.  These  incj.  <de  the  Marineland  Experiment 
(Shemdin,  1980),  the  West  Coast  Experiment  (Shemd^.  ,  1980a),  the  Lake  Michigan 
Experiment  (Schwab,  et  al.,  1981;  Shuchman  and  Meadcws,  1980),  the  MARSEN 
Experiment  (Anonymous,  1979),  the  Gulf  of  Alaska  Se^sat  Experiment  (Gonzalez, 
et  al . ,  1979;  1981),  the  East  Coast  Experiment  (Beal,  1980),  and  the  Joint 
Air/Sea  Interaction  Experiment  (Allan  and  Guymer,  1980).  The  general  consen¬ 
sus  of  all  these  studies  is  that  accurate  estimates  of  dominant  wavelength 
and  wave  direction  can  be  obtained  from  SAR  images  of  gravity  waves. 

It  was  recognized  during  the  early  phases  of  SAR/oceanographic  research 
that  certain  conditions  exist  under  which  a  SAR  will  not  produce  high  quality 
images  of  gravity  waves.  Much  research  has  centered  on  developing  theories 
which  explain  why  a  SAR  does  or  does  not  see  ocean  gravity  waves.  Relatively 
little  research  has  been  conducted  on  testing  these  theories.  The  primary 
reason  for  not  evaluating  these  mathematical  models  on  SAR  images  of  gravity 
waves  in  the  past  has  been  twofold.  First,  there  was  a  lack  of  well  docu¬ 
mented  (sea-truthed)  SAR  data  sets;  and  second,  an  efficient  method  to  quan¬ 
tify  the  concept  of  wave  detectability  on  SAR  imagery  was  not  developed. 

Thus,  the  purpose  of  this  paper  is  to  describe  a  technique  where  wave  contrast 
on  SAR  imagery  can  be  quantified  and  to  illustrate  how  this  measurement  can 
be  used  in  SAR  models  of  ocean  gravity  waves. 

2.  SAR  MODELS  ON  IMAGING  OCEAN  GRAVITY  WAVES 

In  developing  a  model  which  defines  the  conditions  under  which  a  SAR  will 
image  gravity  waves,  it  is  first  necessary  to  identify  and  describe  the  ele¬ 
ments  responsible  for  the  microwave  backscatter  from  the  ocean's  surface 
(i.e.,  their  shape,  orientation,  etc.).  It  is  then  necessary  to  describe  the 
manner  in  which  gravity  waves  alter  these  scattering  elements  causing  gravity 
waves  to  appear  on  SAR  imagery  as  a  series  of  light  and  dark  bands.  Addition¬ 
ally,  SAR  data  are  normally  processed  assuming  the  targets  being  imaged  are 
stationary.  Because  the  SAR  signal  histories  are  a  result  of  Doppler  fre¬ 
quency  changes  caused  by  the  SAR  platform,  any  movement  of  the  target  will 
result  in  a  shift  of  its  signal  histories  and  the  image  of  that  target  will 
be  displaced  and  defocused.  Any  model  which  describes  SAR  imaging  of  gravity 
waves  must  account  for  the  effects  of  moving  targets  or  scatterers. 

The  study  of  interactions  between  microwave  energy  and  the  ocean's  surface 
has  generally  been  treated  in  two  ways:  static  modeling,  which  assumes  no 
target  motion;  and  dynamic  modeling,  which  includes  the  above  mentioned 
Doppler  effects  (Brown,  et  al . ,  1976;  Shuchman,  et  al.,  1978).  Three  basic 
static  models  have  been  proposed:  the  facet  or  tangent  plane  model,  the 
Rayleigh  scattering  model  and  the  Bragg-Rice-Phillips  model. 

The  facet  or  tangent  plane  model  (Brown,  et  al.,  1976)  is  based  upon  the 
reflection  of  electromagnetic  energy  from  areas  whose  slopes  are  oriented  per¬ 
pendicular  to  the  line  of  sight  of  the  radar.  This  model  assumes  that  the 
radius  of  curvature  of  these  reflectors  is  nearly  everywhere  larger  than  the 
wavelength  and  that  shadowing  and  multiscattering  effects  are  negligible. 

This  model  predicts  that  radar  backscatter  is  largest  for  small  surface 
angles . 

The  Rayleigh  scattering  model  theorizes  that  the  radar  backscatter  from 
the  sea  is  composed  of  many  fluctuating  individual  scatterers  (Skolnik,  1970). 
These  scatterers  are  said  to  be  represented  by  segments  of  spheres  or  complex 
spheres  which  are  small  relative  to  the  radar  wavelength.  According  to  this 
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model,  radar  backscatter  is  relatively  insensitive  to  look  direction  because 
it  is  assumed  that  the  scatterers  are  moving  randomly  and  isotropically. 


The  Bragg-Rice-Phillips  model  (as  described  by  Shuchman,  et  al.,  1978; 
see  also  Wright,  1966)  states  that  the  ocean  surface  is  composed  of  a  combina¬ 
tion  of  periodic  surfaces,  and 1  the  dominant  radar  backscatter  will  match  some 
portion  of  the  ocean  spectra.  This  model  assumes  the  heights  of  the  elements 
producing  the  radar  backscatter  are  small  relative  to  the  radar  wavelength 
and  that  they  are  isotropically  distributed.  According  to  Wright  (1966),  the 
maximum  radar  return  occurs  when: 

!C  -  2K.  sin  0  (1) 

W  Li 

where  Kw  *  2t/.i  (4  is  the  wavelength  of  the  capillary  or  ultra-gravity  wave), 
K.  *  2 VI  ( L  is  the  wavelength  of  the  radar),  and 

Li 

e  »  the  incidence  angle  of  the  radar  beam. 

For  the  radar  wavelengths  and  incidence  angles  of  typical  SARs,  the  Bragg 
wave  number  (Kw)  corresponds  to  the  short  capillary  and  ultra-gravity  waves 
present  on  the  ocean's  surface. 

Shuchman,  et  al.  (1978)  evaluated  the  ability  of  the  facet  model  and  the 
Bragg-Rice-Phillips  model  to  explain  radar  backscatter  from  a  large  surface 
area  of  the  ocean  and  concluded  that  the  Bragg-Rice-Phillips  model  best  ex¬ 
plained  the  large  area  backscatter  from  the  sea  indicating  that  the  scatterers 
responsible  for  microwave  backscatter  from  the  sea’s  surface  are  the  capillary 
and  ultra-gravity  waves. 

Once  the  structures  responsible  for  radar  backscatter  from  the  ocean's 
surface  are  identified,  it  is  necessary  to  define  how  these  scatterers  are 
altered  so  that  gravity  waves  are  imaged  by  a  SAR.  There  are  several  theories 
regarding  the  processes  responsible  for  changing  the  small  scale  capillary 
and  ultra-gravity  waves.  One  states  that  the  sea-surface  tilt  caused  by  the 
long  waves  produces  variations  in  the  local  incidence  angle,  resulting  in  a 
change  or  modulation  of  the  cross  section  of  the  smaller  waves  (Elachi  and 
Brown,  1977).  The  effect  of  this  "tilt  modulation"  is  at  a  maximum  for  range 
waves  and  at  a  minimum  for  azimuth  waves.  Another  theory  holds  that  the 
shorter  capillary  and  ultra-gravity  waves  are  being  modulated  by  the  longer 
gravity  waves,  causing  an  increase  in  the  wave  height  and  number  of  the  capil¬ 
lary  waves  in  the  crest  region  of  the  waves  and  a  decrease  in  the  capillary 
wave  height  and  number  in  the  trough  of  the  waves  (Phillips,  1981).  Finally, 
a  third  theory  proposes  that  the  capillary  and  ultra-gravity  wave  structure 
of  the  waves  are  changed  due  to  wind  stress  (Evans  and  Shemdin,  1980). 

In  order  to  produce  a  comprehensive  SAR-gravity  wave  theory,  the  above 
static  models  need  to  be  incorporated  with  dynamic  models  that  account  for 
shifts  in  Doppler  frequencies.  The  initial  work  studying  the  relationships 
between  moving  targets  and  the  synthetic  aperture  radar  imaging  mechanism  re¬ 
sponsible  for  imaging  them  was  performed  by  Raney  (1971).  SARs  are  sensitive 
to  both  the  azimuth  and  range  velocity  components  of  moving  targets.  A  target 
with  a  non-constant  velocity  being  imaged  by  the  SAR  will  result  in  a  degraded 
image  of  that  target.  This  image  degradation  can  be  partially  corrected  dur¬ 
ing  optical  processing  of  the  SAR  signal  histories  by  making  adjustments  in 
the  optical  processor  (Shuchman  and  Zelenka,  1978;  Shuchman,  et  al.,  1978a). 
Shuchman  and  Zelenka  (1978)  produced  equations  to  calculate  compensations  to 
use  during  processing  of  the  signal  histories  for  the  range  and  azimuth  veloc¬ 
ity  components  present  in  gravity  waves.  These  velocity  adjustments  are 
directly  proportional  to  the  velocity  of  the  target  and  indirectly  propor¬ 
tional  to  the  velocity  of  the  SAR  platform. 
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The  problem  of  computing  the  corrections  to  compensate  for  wave  movement 
is  not  easily  solved  because  of  the  physical  characteristics  of  the  waves 
being  imaged.  Ocean  waves  have  three  distinct  velocity  components:  orbital, 
group  and  phase.  Therefore,  it  may  be  necessary  to  calculate  at  least  three 
distinct  focus  corrections  for  a  given  wave  image.  This  allows  an  additional 
question  to  be  explored  in  an  analysis  of  wave  velocities  on  SAR  imagery: 
does  the  image  enhancement  correction  selected  correspond  most  closely  to  the 
orbital,  group  or  phase  velocity  component  of  the  imaged  wave? 

This  last  point  was  examined  by  Kasischke,  et  al .  (1979)  in  a  study  using 
data  collected  during  the  Mar  ineland  experiment.  Not  only  did  they  confirm 
that  higher  contrast  wave  imagery  was  obtained  using  image  enhancement  cor¬ 
rections  during  optical  processing,  but  they  also  concluded  that  the  correc¬ 
tions  which  produced  the  best  SAR  wave  imagery  were  proportional  to  the  phase 
velocity  of  the  waves. 

Recent  works  (Swift  and  Wilson,  1979;  Alpers  and  Rufenach,  1979)  have  sug¬ 
gested  that  the  SAR  imaging  mechanism  should  also  be  sensitive  to  the  orbital 
velocity  of  the  waves  (which  is  an  order  of  magnitude  lower  than  the  phase 
velocity)  when  a  SAR  is  imaging  azimuth  traveling  waves.  The  basic  premise 
behind  this  work  is  a  concept  called  "velocity  bunching"  of  the  small  capil¬ 
lary  and  ultra-gravity  waves.  In  this  theory,  the  small  waves  are  bunched 
due  to  the  orbital  velocities  of  the  gravity  waves  and  the  SAR  image  will  de¬ 
tect  a  strong  line  of  return  because  of  this  bunching.  The  theory  also  notes 
that  this  strong  line  of  return  has  been  shifted  and  defocused  an  amount  pro¬ 
portional  to  the  orbital  velocity  of  the  gravity  wave.  This  theory  has  yet 
to  be  tested  on  actual  SAR  data.  An  interesting  prediction  of  this  theory  is 
that  under  certain  conditions,  two  bunching  lines  will  occur  for  each  wave 
(Swift  and  Wilson,  1979);  therefore,  the  SAR  should  produce  a  wave  image  which 
has  half  the  period  of  the  actual  gravity  wave.  No  such  SAR  image  has  been 
reported  to  date. 

The  point  has  been  reached  where  many  models  exist  which  attempt  to  ex¬ 
plain  how  a  SAR  images  gravity  waves,  as  is  evidenced  by  the  above  discussion. 
The  time  has  come  to  evaluate  the  various  models  and,  at  the  same  time,  deter¬ 
mine  under  what  conditions  a  SAR  will  and  will  not  image  gravity  waves.  There 
are  numerous  SAR  data  sets  which  include  gravity  waves  and  the  present  need 
is  to  link  this  data  with  the  models. 

3.  PEAK-TO-BACKGROUND  RATIO  MEASUREMENTS 

In  order  to  be  able  to  properly  evaluate  the  various  SAR/gravity  wave 
models  on  acti*a.'.  SAR  imagery,  it  is  first  necessary  to  derive  a  method  to 
evaluate  the  visibility  of  wave  fields  on  the  SAR  images.  Using  this  visibil¬ 
ity  criterion,  it  is  then  necessary  to  compare  various  sets  of  SAR  imagery 
against  what  w*.-  would  expect  to  see  under  the  environmental  conditions  at  the 
time  of  the  SAR  data  collection. 

The  concept  of  determining  the  degree  of  wave  detectability  on  SAR  imagery 
first  arose  when  studying  the  effects  of  focusing  algorithms  on  SAR  data  col¬ 
lected  at  Marineland.  During  this  study,  wave  crest-to-trough  contrast  was 
calculated  in  a  time-consuming  process  which  resulted  in  a  measurement  called 
a  modulation  depth.  Modulation  depths  were  obtained  by  placing  a  recording 
photomultiplier  in  the  output  plane  of  the  optical  processor  used  to  correlate 
the  signal  film.  By  placing  a  photomultiplier  in  place  of  an  imaging  film,  a 
wave  modulation  scan  resulted  with  the  waves  themselves  modulating  the  scan. 
The  scan  in  Figure  1  was  obtained  by  scanning  in  the  direction  of  wave  propa¬ 
gation  with  an  aperture  slit  corresponding  to  500  meters  along  the  crest  and 
50  meters  in  the  propagation  direction.  The  normalized  distance  between  a 
maxima  (A)  and  minima  (B)  on  Figure  1  is  a  modulation  depth  (for  a  more 
in-depth  discussion  of  this  topic,  see  Kasischke,  et  al.,  1979). 


A  new  method  of  measuring  wave  contrast  was  developed  during  the  course 
of  this  study,  and  is  referred  to  as  a  peak-to-background  ratio  (PBR) .  PBRs 
can  be  obtained  through  three  separate,  but  similar  techniques.  The  first 
technique  involves  positioning  a  microscopic  optical  probe  attached  to  a  Gamma 
Scientific  Model  2900  Auto-Photometer  in  the  Fourier  transform  plane  of  the 
Fraunhaufer  diffraction  setup  used  to  generate  optical  Fourier  transforms 
(OFTs)  from  SAR  gravity  wave  data  observed  in  the  view  finder  of  the  probe. 

The  optical  probe  is  used  to  measure  the  intensity  of  the  peak  of  the  power 
spectra  of  the  OFT  as  it  appears  in  the  transform  plane.  Next,  the  optical 
probe  is  rotated  to  a  point  90“  from  the  peak  position,  and  a  second  reading 
is  taken  as  a  background  measurement.  The  ratio  of  these  two  readings  is  re¬ 
ferred  to  as  the  peak-to-background  ratio.  This  concept  is  illustrated  in 
Figure  2. 

The  second  technique  to  obtain  a  PBR  is  essentially  equivalent  to  the 
first.  Optical  Fourier  transform  spectra  were  recorded  on  Polaroid  film  nega¬ 
tives.  The  optical  density  of  these  negatives  is  measured  using  a  MacBeth 
TD504  densitometer  using  a  one  millimeter  circular  aperture.  First,  the  den¬ 
sitometer  is  placed  over  the  film  image  of  the  peak  power  spectra  and  a  den¬ 
sity  reading  taken.  Next,  the  film  negative  is  rotated  90°,  and  a  background 
reading  taken.  Again,  the  ratio  of  these  two  readings  results  in  a  PBR. 

A  third  technique  not  presented  here  utilizes  data  contained  in  a  fast 
Fourier  transform  (FFT)  of  the  digitized  SAR  data.  Using  software  available 
at  ERIM  (see  Shuchman,  et  al . ,  1979),  two-dimensional  Fourier  transforms  can 
be  generated.  From  these  two-dimensional  transforms,  one-dimensional  wave 
number  and  wave  direction  SAR  energy  distributions  can  be  generated,  and  from 
these,  peak  intensities  and  background  readings  can  be  obtained. 

4.  LAKE  MICHIGAN  DATA  ANALYSIS 

On  October  6,  1977,  at  approximately  1130h  EST,  the  Environmental  Research 
Institute  of  Michigan  (ERIM)  X-  and  L-band  dual-polarized  imaging  radar 
(described  by  Rawson,  et  al.,  1975)  made  two  passes  over  Lake  Michigan  at 
approximately  43°10'  north  latitude.  During  the  first  pass,  the  aircraft  was 
heading  due  west  (270°)  and  during  the  second  pass,  due  east  (90°).  Surface 
measurements  at  the  time  of  the  SAR  overflight  indicate  that  the  waves  had  a 
peak  frequency  of  0.211  Hz  and  a  peak  direction  of  300°  (Schwab,  et  al., 

1981).  From  the  surface  measurements,  it  can  be  determined  the  waves  were 
traveling  in  a  nearly  range  direction  with  respect  to  the  radar  line-of-site , 
as  is  seen  in  Figure  3.  Comparisons  made  between  SAR  estimates  of  dominant 
wavelength  and  direction  and  sea-truth  values  were  in  good  agreement  (Schwab, 
et  al . ,  1981)  . 


Two  analyses  were  performed  on  the  Lake  Michigan  SAR  data  which  involved 
making  adjustments  during  the  optical  processing  of  the  signal  histories. 

The  first  adjustment  was  a  telerotation  correction  and  the  second  was  a  change 
in  the  integration  time. 

Studies  by  Raney  (1971)  and  Shuchman  and  Zelenka  (1978)  indicate  that  a 
target  moving  with  a  radial  (line-of-site)  velocity  will  become  defocused  when 
imaged  by  a  SAR  if  its  range  veocity  is  sufficiently  large  relative  to  the 
SAR  platform  velocity.  This  motion  distortion  can  be  compensated  for  during 
optical  processing  of  the  raw  SAR  signal  histories  by  rotating  a  lens  within 
the  processor  an  amount  directly  proportional  to  the  line-of-sight  velocity 
of  the  target  and  inversely  proportional  to  the  velocity  of  the  SAR  platform. 
According  to  Shuchman  and  Zelenka  (1978); 


V 

VAC° 


(2) 
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where 


«  is  the  rotation  angle  for  correction, 

Vf  is  the  line-of-sight  velocity  of  the  target, 

VAC  is  the  SAR  platform  velocity,  and 
P  and  Q  are  SAR  processing  parameters. 

According  to  this  theory,  SAR  imagery  of  gravity  waves  should  have  the 
highest  contrast  when  the  correction  in  Eq.  (2)  is  used  during  processing  of 
the  SAR  signal  histories.  Previous  studies  by  Kasischke,  et  al.  (1979)  showed 
that  higher  wave  detectability  (as  indicated  by  modulation  depths)  were  ob¬ 
tained  from  SAR  data  collected  at  the  Marineland  Experiment  (when  the  waves 
were  range  traveling)  when  a  telerotation  correction  was  used  which  adjusted 
for  the  phase  speed  of  the  waves.  The  purpose  of  the  Lake  Michigan  data  was 
to  further  examine  the  effects  of  telerotation  adjustments  on  the  wave  con¬ 
trast  obtained  from  the  SAR  imagery. 

The  first  step  of  the  analysis  was  to  calculate  the  theoretical  telerota¬ 
tion  (w)  necessary  to  correct  for  the  range-phase  velocity  present  in  the  data 
collected  over  Lake  Michigan.  It  should  be  noted  that  although  »  is  the  same 
magnitude  for  each  pass,  it  is  in  the  opposite  direction  for  each  because, 
with  respect  to  the  radar  line  of  sight,  the  waves  are  traveling  towards  the 
SAR  during  the  westbound  pass  and  away  from  the  SAR  during  the  eastbound  pass 
(i.e.,  ®  for  the  westbound  pass  would  equal  -®  on  the  eastbound  pass).  The 
reader  should  also  note  that  the  telerotation  adjustment  is  dependent  on  the 
SAR  wavelength. 

SAR  data  were  processed  for  the  October  6  Lake  Michigan  flight  using  a 
variety  of  different  telerotation  settings  (-®,  -1/2®,  0,  1/2®,  w,  3/2®  and 
2®).  Both  XHH  (X-band,  horizontally  polarized  transmitted  and  horizontally 
polarized  received)  and  L^h  data  were  processed.  Peak-to-background  mea¬ 
surements  were  taken  for  each  band  at  each  telerotation  setting  and  peak-to- 
background  ratios  calculated.  These  PBRs  are  summarized  in  Table  1  and  Fig¬ 
ure  4.  Each  PBR  is  an  average  of  three  separate  readings. 

A  statistical  analysis  of  variance  (Sheffe,  1959)  was  performed  on  each 
of  the  four  data  sets.  For  the  X-band,  Pass  3  data,  the  analysis  of  variai 
(ANOVA)  indicated  that  the  telerotation  proportional  to  the  phase  velocity  of 
the  gravity  waves  ( o)  resulted  in  the  highest  wave  contrast  (  p  >  0.99).  For 
the  x-band.  Pass  4  data,  the  statistical  ANOVA  revealed  that  the  3/2®  telero¬ 
tation  adjustment  resulted  in  significantly  higher  wave  contrasts  (p  >  0.95). 

For  both  L-band  data  sets,  the  ANOVA  indicated  that  there  was  no  signifi¬ 
cant  differences  between  the  wave  contrast  measurements  when  either  a  a  or 
1/2®  telerotation  setting  was  used,  but  both  of  these  settings  resulted  in 
significantly  higher  PBRs  than  the  other  settings,  (p  >0.99). 

An  additional  ANOVA  revealed  that  regardless  of  radar  wavelength,  the 
higher  wave  contrasts  were  when  the  SAR  was  looking  at  waves  propagating 
towards  the  plane  (Pass  3)  than  when  the  SAR  was  looking  downwave  (Pass  4). 

In  addition  to  the  telerotation  corrections,  a  test  was  run  using  the  Lake 
Michigan  SAR  data  to  evaluate  the  effects  of  varying  integration  time  on  wave 
detectability.  The  integration  time  of  a  SAR  is  defined  as  the  time  required 
to  collect  the  synthetic  aperture  data.  In  this  case,  it  is  the  amount  of 
time  the  SAR  observes  the  moving  waves  in  order  to  form  their  image.  If  move¬ 
ment  of  the  gravity  wave  during  the  integration  time  is  significant,  then  de¬ 
graded  imagery  results. 

Integration  time  (T)  can  be  calculated  as: 

T-  5v^fW  <3, 
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where  -A  is  the  radar  wavelength; 

H  is  the  SAR  platform  altitude, 

0  is  the  incident  angle, 

Vac  as  the  sensor  platform  velocity,  and 
is  ihe  azimuth  resolution. 

Prom  Eq.  (3) ,  note  that  integration  time  is  radar  wavelength  dependent; 
to  obtain  the  same  resolution  in  L-band  imagery  as  X-band  imagery  requires  an 
integration  time  which  is  approximately  7-8  times  longer. 

Table  2  summarizes  the  integration  times  needed  to  achieve  a  specific 
azimuth  resolution  for  the  Lake  Michigan  X-  and  L-band  SAR  data.  Prom  this 
table,  we  can  see: 

1.  The  integration  times  for  L-band  are  larger  than  those  for  X-band  for 
a  given  resolution; 

2.  The  far  edge  portion  of  the  radar  swath’ requires  a  longer  integration 
time  than  the  near  edge  portion  (because  of  the  greater  distance) ;  and 

3.  The  finer  the  azimuth  resolution,  the  longer  the  integration  time. 

SAR  data  from  the  westbound  pass  of  the  6  October  Lake  Michigan  data  were 
processed  using  different  integration  times  to  achieve  different  azimuth  reso¬ 
lutions.  Peak-to-background  ratios  were  obtained  from  these  data,  and  are 
summarized  in  Table  3  and  Figure  5.  For  both  the  X-  and  L-band  data,  it  is 
clear  that  as  resolution  improves,  so  does  the  degree  of  wave  contrast  on  the 
SAR  imagery.  A  statistical  ANOVA  on  the  two  data  sets  indicates  the  trends 
present  in  the  data  and  are  significant  (P>  0.99).  There  does  not  appear  to 
be  any  difference  between  the  wave  contrast  obtained  for  the  L-band  fifteen 
and  thirty  feet  data.  Again,  note  that  the  higher  PBRs  were  obtained  for  the 
X-band  data. 

The  following  conclusions  can  be  drawn  from  the  analysis  of  the  Lake 
Michigan  data: 

1.  For  the  X-band  SAR  data,  the  highest  wave  contrast  was  obtained  when 
a  telerotation  adjustment  proportional  to  the  phase  speed  or  3/2  the 
phase  speed  of  the  gravity  waves  was  used. 

2.  For  the  L-band  SAR  data,  the  optimum  imagery  was  obtained  when  a  tele¬ 
rotation  adjustment  between  the  phase  speed  and  one-half  the  phase 
speed  of  the  gravity  waves  was  made. 

3.  The  X-band  data  had  higher  contrast  wave  imagery  than  the  L-band  data. 

4.  Higher  wave  contrasts  (PBRs)  were  obtained  when  the  SAR  was  looking 
upwave  (hence,  upwind)  than  where  the  SAR  was  looking  downwave 
(downwind) . 

5.  Higher  PRBs  were  obtained  on  both  X-band  and  L-band  imagery  by  using 
longer  integration  times  (i.e.,  higher  resolutions)  during  processing 
of  the  data. 

5.  JOINT  AIR/SEA  INTERACTION  EXPERIMENT  DATA  ANALYSIS 

Data  used  in  this  portion  of  the  study  were  collected  during  the  Joint 
Air-Sea  Interaction  (JASIN)  experiment.  The  JASIN  experiment  was  proposed  in 
1966  as  part  of  the  Global  Atmospheric  Research  Project  and  was  sponsored  and 
organized  by  the  Royal  Society  of  the  United  Kingdom.  The  primary  aims  of 
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the  JASIN  experiment  were  to  'observe  and  distinguish  between  the  physical 
processes  causing  mixing  in  the  atmospheric  and  oceanic  boundary  layers  and 
relate  them  to  mean  properties  of  the  layers;  and  to  examine  and  quantify  as¬ 
pects  of  the  momentum  and  heat  budgets  in  the  atmospheric  and  oceanic  boundary 
layers  and  fluxes  across  and  between  them*  (Royal  Society,  1979) .  To  this 
end,  fifty  principal  investigators  from  nine  countries  collaborated  on  an 
intensive  experiment  from  mid-July  to  mid-September,  1978.  Fourteen  oceanor 
graphic  research  vessels  were  on  site  during  this  period.  The  study  of  grav¬ 
ity  waves  represented  a  small  portion  of  the  overall  JASIN  experiment  which 
took  place  in  the  North  Atlantic,  in  an  area  just  west  of  Scotland,  as  is 
shown  in  Figure  6.  Most  of  the  gravity  wave  observations  were  made  within 
the  Oceanographic  Intensive  Area  (OIA)  (the  large  "dashed- 1 ine, ■  circle  in 
Figure  6),  but  ships  operating  in  the  large  triangular  region  made  gravity 
wave  observations  as  well.  Wave  data  were  obtained  from  visual  observations 
from  these  ships,  from  wave  recorders  mounted  on  the  ships,  from  wave  buoys 
deployed  by  the  ships,  and  from  permanently  anchored  wave  rider  buoys.  The 
wave  rider  buoys  were  anchored  within  the  OIA. 

Seasat,  launched  just  prior  to  the  JASIN  experiment,  offered  investigators 
a  unique  opportunity  to  collect  satellite  data  over  a  well  instrumented  test 
site.  A  Seasat  SAR  receiving  Station  had  been  set  up  at  Oakhangar,  England 
for  the  European  Space  Agency  and  radar  data  were  collected  on  twenty  differ¬ 
ent  occasions  when  Seasat  passed  over  or  near  the  JASIN  study  area.  Eighteen 
of  those  passes  form  the  basis  for  part  of  the  present  study  (data  from  the 
other  two  passes  were  of  too  poor  quality  to  process).  The  surface  measure¬ 
ments  collected  during  the  JASIN  experiment  which  are  of  interest  to  the  pres¬ 
ent  study  include  wave  height  (H1/3) ,  length  and  direction,  and  wind  speed 
and  direction.  These  data  allow  an  examination  of  what  factors  might  be  im¬ 
portant  in  the  SAR  imaging  process  of  ocean  gravity  wave  through  a  comparison 
with  the  wave  contrast  measurement. 


The  portion  of  the  Seasat  pass  chosen  for  the  peak-to-background  measure¬ 
ment  was  the  area  closest  to  the  sea-truth  observation  and  not  necessarily 
the  area  closest  to  the  Oceanogrphic  Intensive  Area  (OIA)  as  the  ships  which 
deployed  the  pitch  and  roll  buoys  were  often  outside  the  OIA.  Previous  stud¬ 
ies  (see  Kasischke,  1980;  Vesecky,  et  al.,  1981)  have  shown  that  the  estimates 
of  dominant  wavelength  and  direction  obtained  from  the  Seasat  SAR  data  agreed 
quite  well  with  those  collected  by  sea  truth  sources. 

Table  4  summarizes  the  SAR  and  sea  truth  data  for  the  18  JASIN  passes. 
Table  4  contains  the  following  data  in  fourteen  columns: 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 


Pass 

Date 

Time 

Satellite  Heading 
STS 


SEASAT  revolution  number 
Date  data  collected 
Time  data  collected 

Sea  truth  source 


Distance  between  sea  truth  and  SAR.  The  line  of  sight  distance  (in 
kilometers)  between  the  position  of  the  sea  truth  source  and  the 
position  where  PBRs  were  produced. 


.1 

«l/3 


Sea  truth  wave  direction 
Sea  truth  wavelength 
Significant  wave  height 
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10. 

u 

Wind  speed 

11. 

'*T 

Wind  direction 

12. 

0.J-OFT 

Wave  direction  --  from  OFT 

13. 

.(-OFT 

Wavelength  —  from  OFT 

14. 

PBR 

Peak- to-background  ratio 

Several  special  circumstances  in  Table  4  should  be  noted.  For  Rev.  757, 
there  was  no  sea-truth  wave  direction  information  available.  Since  Rev.  762 
was  collected  eight  hours  after  Rev.  757,  the  wave  direction  for  Rev.  762  was 
used  as  an  estimate  for  Rev  757.  The  reliability  of  the  sea-truthed  wave¬ 
length  and  wave  direction  information  provided  for  Rev.  1044  were  suspect. 
Therefore,  the  corresponding  values  from  Rev.  1049,  collected  eight  hours 
later,  were  substituted. 

Even  with  the  selection  criteria  used  for  sea-truth,  we  were  still  left 
with  two  sea-truth  values  for  wavelength  and  wave  direction  for  Rev.  590  (see 
Table  4).  To  eliminate  one  estimate  in  favor  of  the  other  would  be  biasing 
the  data  set.  Therefore,  whenever  these  data  were  used,  two  separate  analyses 
were  conducted. 

Peak -to -background  ratios  for  the  JASIN  data  were  obtained  by  measuring 
the  optical  density  on  the  film  negative  produced  from  the  Polaroid  picture 
of  the  optical  Fourier  transform.  From  Table  4,  it  can  be  seen  that  the  PBRs 
for  the  Seasat  data  are  considerably  lower  than  the  PBRs  for  the  Lake  Michigan 
L-band  data.  This  occurs  because  of  the  different  techniques  used  to  obtain 
PBRs  for  the  different  data  sets.  By  recording  the  Fourier  transform  spectra 
on  film,  a  compression  of  the  data  occurs.  The  density  on  the  film  is  propor¬ 
tional  to  the  log  of  the  light  intensity,  i.e.,  a  compression  of  the  data  has 
occurred. 


Have  data  and  sea-truth  estimates  were  processed  using  standard  oceano¬ 
graphic  techniques  at  the  Scripps  Institute  of  Oceanography  and  provided  to 
the  authors  in  summary  form.  Included  in  this  sea-truth  data  set  were  esti¬ 
mates  of  dominant  wavelength  and  direction,  wave  height  ( H 1/3 ) ,  and  surface 
wind  speed  and  direction.  The  ocean  wave  frequency  spectra,  F(0,  u> )  obtained 
from  the  buoys  and  wave  recorders  were  converted  to  wave  number  spectra  using 
the  Jacobian  approximation  (g2/"’^,  where  g  is  the  gravitational  accelera¬ 
tion)  appropriate  to  deep  water  waves  (Vesecky,  et  al.,  1981a). 

Because  several  of  the  test  dates  had  more  than  one  set  of  sea-truth,  it 
was  necessary  to  decide  which  value  to  use  for  comparison  to  the  OFT  value. 
Available  sea-truth  was,  therefore,  ranked  according  to  the  desirability  of 
the  data  source,  as  follows: 


BEST  1.  Atlantis  II  Pitch  and  Roll  Buoy  or  Discovery  Pitch  and  Roll 
Buoy. 


2.  Moored  OIA  Wave  Rider  Buoy. 


3.  John  Murray  Wave  Recorder  or  Discovery  Wave  Recorder. 

WORST  4.  John  Murray  Visual  Readings. 

If  no  sea-truth  data  were  available  using  the  most  desirable  category,  then 
the  next  highest  category  which  contained  the  desired  sea-truth  data  was  used. 
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F r of?  the  data  in  Table  5,  other  parameters  were  calculated  to  compare 
against  the  peak-to-background  ratios.  These  new  parameters  are  summarized 
in  Table  5  and  include: 


1.  Pass 

2.  Wave  slope 

3.  v0 


4.  sin  »ACv0 

5.  tfA  -  sea  truth 


6.  flA  -  OFT 

7.  0AC  -  sea  truth 


0.  »AC  -  OFT 


SEASAT  revolution  number 
Defined  as  VH1/3 

Orbital  velocity  of  deep  water  wave  (after 
Kinsman,  1965): 

v0  -  KwA0  (4, 

Vq  «  orbital  velocity 

Kw  «  wave  number 

Aq  »  wave  amplitude 

Normalized  orbital  velocity 

Relative  radar  look  direction/sea  truth 
wave  direction  is  from  0*  to  179“ 

0“  -  traveling  in  same  direction  as  radar 
platform 

90“  -  traveling  perpendicular  to  radar 
platform 

179“  -  waves  traveling  in  opposite  direction 
as  radar  platform 

Relative  radar  look  direction  --  OFT 

Normalized  relative  radar  look  direction, 
sea  truth 

For  0-90",  8 AC  »  eA 

For  91-180°,  0AC  ■*  »A  -  180“ 

Normalized  relative  radar  look  direction, 

OFT 


9.  '*SAR  Wind  direction  relative  to  the  radar  look 

direction  when  wind  is  blowing  towards  the 
same  direction  radar  is  looking,  «;AR  • 

0“ ,  opposite,  ^sAR  “  180*»  perpendicular, 
<»SAR  *  90°  or  270“ 

10.  '»wv  Wind  direction  relative  to  wave  direction 

Linear  correlations  (Draper  and  Smith,  1960)  were  calculated  between  the 
sea  truth  parameters  and  PBR  and  are  given  in  Table  6.  Note  that  these  linear 
correlations  do  not  imply  a  cause-effect  relationship  between  a  sea  truth 
parameter  and  wave  detectability;  they  only  suggest  where  a  relationshio  might 
exist.  Significant  linear  correlations  existed  between  PBR  and  wavelength, 
wave  height  and  orbital  velocity  of  the  waves.  Multiple  linear  correlation 
coefficients  were  calculated  using  a  combination  of  these  parameters  and  are 
presented  in  Table  7.  By  correlating  wavelength,  orbital  velocity,  and 
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significant  wave  height  against  wave  contrast,  a  correlation  coefficient  of 
0.96  was  obtained. 


An  interesting  relationship  from  the  correlation  studies  was  the  apparent 
relationship  between  wave  contrast  and  wave  height  (R  •  0.78).  Here-to-fore 
in  SAR  wave  analysis,  it  has  not  been  possible  to  obtain  wave  height  informa¬ 
tion.  Although  there  are  obviously  many  other  factors  involved,  the  plot  of 
PBR  versus  Hjy3  in  Figure  7  reveals  a  definite  trend:  the  higher  the  wave 
height,  the  larger  the  PBR.  A  further  analysis  revealed  that  if  wave  height 
was  correlated  to  PBR  and  wavelength  (from  optical  Fourier  transforms),  a  cor¬ 
relation  coefficient  of  0.88  resulted.  Because  these  results  are  from  a  lim¬ 
ited  data  set  (n  »  10) ,  it  would  be  premature  to  conclude  that  wave  height 
information  can  be  obtained  from  SAR  data  in  this  manner.  These  results  do 
suggest  that  further  research  is  warranted. 

6.  DISCUSSION 

Analysis  of  the  6  October  Lake  Michigan  data  revealed  that  the  best  SAR 
wave  imagery  was  achieved  using  a  range  telerotation  adjustment  proportional 
to  the  phase  velocity  of  the  gravity  waves.  This  observation  supports  the 
theories  of  Raney  (1971)  and  Shuchman  and  Zelenka  (1978)  that  SAR  imagery  of 
range  traveling  waves  will  be  distorted  unless  special  telerotation  adjust¬ 
ments  are  made  during  the  processing  of  the  data.  These  results  also  support 
the  observations  of  Kasischke,  et  al.  (1979)  that  the  necessary  telerotation 
adjustment  (o)  is  approximately  proportional  to  the  phase  speed  of  the  gravity 
waves.  It  should  be  noted  that  by  changing  the  telerotation  to  a  distance  2u 
away  from  the  optimum  setting,  the  waves  were  still  evident  on  the  X-band  SAR 
imagery,  but  not  distinct  on  L-band  imagery. 

Another  observation  made  on  the  October  6  Lake  Michigan  data  was  higher 
peak-to-background  ratios  were  obtained  on  X-band  imagery.  It  has  been  noted 
by  some  authors  (Shuchman  and  Meadows,  1980)  that  X-band  SARs  image  waves  when 
L-band  SARs  do  not.  This  present  study  supports  this  observation. 

The  final  observation  made  on  the  telerotation  SAR  data  was  that  higher 
peak-to-background  ratios  were  obtained  from  data  when  the  SAR  was  looking 
upwave  (and  upwind)  compared  to  downwave  (downwind)  data.  This  was  true  for 
both  L-band  and  X-band  data.  This  observation  is  difficult  to  interpret. 

The  initial  conclusion  to  be  drawn  is  that  the  downwave  situation  presents 
the  preferred  orientation  of  the  capillary  waves  with  respect  to  the  radar 
line-of-sight.  The  question  which  cannot  be  answered  using  the  Lake  Michigan 
data  is  what  is  the  driving  force  behind  this  preferred  orientation,  wind  or 
waves? 

The  intended  purpose  of  the  integration  time  measurements  was  to  answer 
the  question  whether  the  coherence  time  (or  lifetime  of  the  SAR  scatterers) 
should  be  of  concern  to  SAR  scientists  studying  gravity  waves.  Raney  and 
Shuchman  (1978)  reported  that  the  average  x-band  Bragg  ocean  scatterer  has  a 
lifetime  of  approximately  0.15  seconds  and  suggested  that  using  integration 
times  longer  than  this  scatterer  lifetime  would  not  result  in  a  higher  con¬ 
trast  of  wave  images.  Thus,  it  was  suggested  by  Raney  and  Shuchman  that  the 
SAR  integration  time  (and  corresponding  azimuth  resolution)  be  matched  to  the 
coherence  time  of  the  scatterer  and  the  remaining  SAR  bandwidth  information 
be  used  in  a  non-coherent  manner  to  reduce  the  speckle  of  the  images.  How¬ 
ever,  the  graph  presented  does  not  support  this  hypothesis,  but  rather  it  sug¬ 
gests  that  finer  resolution  SAR  images  of  50  meter  wind  generated  gravity 
waves  have  higher  crest-to-trough  contrasts  than  lower  resolution  images. 

In  the  statistical  analysis  of  PBR  and  various  environmental  parameters 
using  JASIN  data,  significant  linear  correlations  were  found  between  wave  con¬ 
trast  (PBR)  and  wavelength,  significant  wave  height  and  orbital  velocity  of 
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the  waves.  These  correlations  can  also  be  studied  in  their  context  to  SAR- 
gravity  wave  models. 

It  has  been  suggested  by  Phillips  (1981),  and  others  that  short  capillary 
and  ultra-gravity  waves  are  modulated  by  longer  gravity  waves.  Phillips 
(1981)  suggests  that  gravity  waves  are  moving  faster  than  capillary  and  ultra¬ 
gravity  waves  causing  compression  of  the  small  waves  and  an  increase  in  their 
height  in  the  crest  region  of  the  gravity  wave  and  a  height  decrease  and  elon¬ 
gation  of  the  shorter  waves  in  the  trough  region.  This  compression  and  expan¬ 
sion  is  thought  to  result  from  the  straining  of  the  shorter  waves  by  the  hor¬ 
izontal  component  of  the  orbital  velocity  of  the  gravity  wave  (Wriqht,  et  al . , 
1980)  . 

A  force  which  could  be  responsible  for  the  compression/expansion  of  small 
waves  is  the  horizontal  component  of  the  orbital  velocity  (Swift  and  Wilson, 
1979;  Alpers  and  Rufenach,  1979).  From  Eq .  (3),  we  can  see  that  orbital 
velocity  is  directly  proportional  to  wave  height;  therefore,  the  higher  the 
wave,  the  greater  the  orbital  velocity  (for  a  given  wavelength),  and  thus  the 
greater  the  potential  for  compression/expansion  of  small-scale  waves.  There¬ 
fore,  the  higher  the  wave,  the  greater  the  wave  contrast  in  a  SAR  image  of 
that  wave  field.  Field  experiments  by  Evans  and  Shemdin  (1980)  support  this 
general  concept,  and  brought  forth  the  idea  that  the  shortest  of  the  shorter 
waves  are  modulated  least.  The  correlation  between  wave  contrast  and  wave¬ 
length  does  not  present  such  a  straightforward  analysis.  The  positive  corre¬ 
lation  between  wave  contrast  and  wavelength  does  not  necessarily  indicate  that 
the  longer  the  wavelength,  the  higher  the  wave  contrast  that  wave  field  will 
produce.  An  examination  of  Eq.  (3)  reveals  that  the  relationship  between 
wavelength  and  orbital  velocity  is  an  inverse  one;  the  longer  the  wavelength, 
the  lower  the  orbital  velocity.  This  indicates  that  for  a  constant  wave 
height,  wave  contrast  should  decrease  for  an  increase  in  wavelength  (if  we 
are  to  go  by  the  previous  argument  made  for  the  relationship  between  wave  con¬ 
trast  and  orbital  velocity).  Therefore,  the  correlation  between  wave  contrast 
and  wavelength  is  possibly  a  secondary  effect  due  to  the  positive  correlation 
between  wave  height  and  wavelength  which  can  be  found  in  the  JASIN  data.  An¬ 
other  interesting  aspect  of  the  JASIN  data  set  is  the  relationship  between 
wave  height  and  wave  contrast.  It  has  been  proposed  by  several  researchers 
(Jain,  1977;  Shuchman,  et  al . ,  1978)  that  SAR  data  when  properly  processed 
and  interpreted,  should  be  able  to  produce  wave  height  information.  up  until 
now,  a  practical  method  of  accomplishing  this  has  not  emerged.  The  linear 
correlation  between  wave  contrast  and  wave  height  found  in  this  study  suggests 
that  wave  contrast  measured  through  a  peak-to-background  ratio  provides  a  way 
to  extract  wave  height  information  from  SAR  data,  when  PBR  was  coupled  with 
wavelength  information  (also  available  from  SAR  data),  even  higher  correla¬ 
tions  were  observed.  Caution  should  be  observed  in  interpreting  these  re¬ 
sults,  however,  because  of  the  small  sample  size  in  the  JASIN  data.  These 
relationships  could  be  coincidental  to  the  JASIN  data,  and  certainly  should 
be  examined  using  other  data  sets  before  any  general  conclusions  are  drawn. 

7.  SUMMARY 

Numerous  models  have  been  developed  that  attempt  to  explain  the  synthetic 
aperture  radar  (SAR)  mechanism  responsible  for  the  imaging  of  ocean  gravity 
waves.  However,  very  little  experimental  work  has  been  done  on  the  testing 
of  these  models  due,  in  part,  to  the  lack  of  well  documented  (sea-truthed) 

SAR  ocean  data  sets  and  a  method  of  efficiently  quantifying  the  concept  of 
wave  detectability. 

This  paper  reports  on  a  technique  whereby  a  numerical  representation  of 
wave  contrast  (detectability)  can  be  quickly  and  efficiently  obtained.  By 
measuring  the  intensity  of  the  peak  of  the  power  spectra  produced  by  either 
optical  or  digital  Fourier  transforms  of  the  SAR  image  of  gravity  waves  and 
dividing  that  value  by  a  background  intensity  of  the  same  transform,  a 
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peak -to -background  ratio  ( PBR)  can  be  obtained.  It  has  been  found  that  this 
PBR  value  is  proportional  to  the  wave  crest-to-trough  contrast  wWich  was  pre¬ 
viously  calculated  using  a  time  consuming  wave-modulation  depth  measurement 
technique . 

Data  sets  of  SAR  imagery  where  sufficient  sea  truth  existed  were  analyzed 
using  PBR  measurements.  These  data  sets  include  satellite  (SEASAT)  and  air¬ 
craft  SAR  data. 

Peak-to-background  ratios  were  used  in  three  ways: 

1.  To  explore  existing  SAR  imaging  mechanism  models  by  performing  statis¬ 
tical  analyses  on  the  relationship  between  PBR  and  various  oceano¬ 
graphic  parameters  such  as  wave  height,  orbital  velocity,  wave  slope, 
wind  speed  and  direction; 

2.  To  explore  the  possibility  of  PBR  values  being  used  to  directly  ob¬ 
tain  an  ocean  parameter  (i.e.,  wave  height);  and 

3.  To  verify  existing  SAR  imaging  mechanism  models'  ability  to  predict 
when  a  SAR  images  ocean  waves. 

Aircraft  SAR  data  (both  L-band  and  X-band)  data  collected  over  an  instru¬ 
mented  test  site  in  Lake  Michigan  were  examined  using  PBRs.  Peak-to- 
backgrtund  ratios  were  used  to  study  the  effect  of  altering  radar  system 
parameters  (telerotation  adjustments  and  mixed  integration  time)  or  wave  vis¬ 
ibility  on  SAR  imagery.  Results  of  this  study  indicated  the  best  SAR  imagery 
of  the  wind  driven  waves  was  obtained  when  a  telerotation  proportional  to  the 
phase  velocity  of  the  waves  was  used,  x-band  imagery  had  higher  wave  contrast 
than  L-band  imagery.  Higher  PBRs  were  obtained  when  the  SAR  was  looking  up- 
wave  (and  upwind)  as  opposed  to  downwave  (downwind)  as  opposed  to  downware 
(downwind).  Mixed  integration  time  studies  showed  that,  in  general,  the 
coarser  the  azimuth  resolution,  the  lower  the  wave  contrast  (PBR). 

Using  SEASAT  data  from  JASIN,  an  examination  of  the  correlation  coeffi¬ 
cients  between  PBR  and  various  sea  truth  parameters  (wavelength,  wave  direc¬ 
tion,  wave  height,  wind  speed,  and  wind  direction)  showed  a  significant  linear 
correlation  between  wave  contrast  (PBR)  and  wave  height,  the  orbital  velocity 
of  the  waves,  and  the  dominant  wavelengths  of  the  waves.  The  linear  correla¬ 
tion  between  PBR  and  wave  height  for  the  JASIN  data  implies  that  through  the 
study  of  the  relationship  between  these  two  factors,  a  technique  might  evolve 
where  wave  height  can  be  obtained  from  SAR  data. 
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Table  1.  Sufimary  of  Peak-to-Background  Ratios  for 
Telerotation  Adjustments  on  Lake  Michigan 
SAR  Data. 


X-Band 


Telerotation 


Westbound  Flight 
(Pass  3) 


Eastbound  Flight 
(Pass  4) 


PBR 


PBR 


Avg. 

S.D.  * 

Avg. 

5.D.* 

24 

62.2 

2.9 

3/24 

120.5 

8.6 

89.6 

9.8 

4 

138.8 

11.4 

78.5 

9.7 

1/24 

89.3 

7.8 

68.0 

2.3 

0 

91.3 

6.4 

48.0 

4.2 

-4 

31.8 

1.6 

37.3 

0.5 

L-6and 

24 

1.9 

0.2 

2.6 

0.2 

3/24 

5.0 

0.3 

3.8 

0.5 

♦ 

12.3 

1.4 

5.0 

0.5 

1/24 

13.1 

2.6 

5.1 

0.2 

0 

7.1 

0.2 

3.3 

0.2 

1/24 

1.5 

0.1 

1.9 

0.1 

-4 

1.0 

0.0 

1.5 

0.0 

*5.0.  ■  Standard  Deviation 
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Table  2.  Azimuth  Resolution  versus  Integration  Time  for 
X-  and  L-Band  Imagery. 

Frequency 


( range ) 

Azimuth  Resolution: 

7  feet 

15  feet 

30  feet 

L-Band 
(near  edge)* 

2.41 

1.12 

0.56 

L-Band 

(far  edge)** 

5.62 

2.62 

1.31 

X-Band 
(near  edge) 

0.31 

0.15 

0.07 

X-Band 
(far  edge) 

0.73 

0.34 

0.17 

•near  edge  * 
**far  edge  - 

11,800  feet 

27,500  feet 

Table  3.  Stannary  of  Peak-to-Background  Ratios  for  Different 
Integration  Times  (Azimuth  Resolution),  Lake  Michi¬ 
gan  SAR  Data  (Pass  4). 

PBR 


Azimuth  Resolution 

avg. 

L-Band 

std. 

deviation 

avg. 

X-Band 

std. 

deviation 

50' 

7.7 

0.7 

30* 

8.4 

0.2 

18.9 

0.5 

15' 

14.7 

1.10 

27.8 

1.0 

V 

40.4 

3.5 

50  feet 

0.28 

0.79 
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Table  4.  Sea  Truth  and  Seasat  Satellite  Parameters  for  JAS1N  Data. 


-S3 


OlCMlA  IOiOQNN^M^p.^iOVKOO'- 
cviin  n 

CM  r-  f- 

2*^  I  I  I  I  I  (Nl«tA^«OOr-  I  «0O1 
CO  to  I  I  I  I  ICO«AN<VNQQNeO  I4T001 
•"  •—  *1*1  •  I  ncnN 


Pcuoi 

!l£*! 

o«J5« 


S?  !  !  !  *  }  loanvNr-voin  i  mod 

1  •  •  I  N  9  U)  <*)  I/I  N  Ot  CM  I  lA^lfl 

NN  I  I  I  I  I  CM  CMMCMCMCMMf-  I  CM  CMCM 


lAOOO^OO  I  I  I  WO  I  OO  I  I  I 

*  ‘  1  40  CM  CO  I  CM  CNi  t  I  » 

OOQOO*-r-  I  |  |  ^(MN  I  #-  *—  t  I  I 


VO  o  to  to  CNi  cn  (7^  ,  ,  ,  CM  O  CO  ,  NOl  ,  ,  , 

rnniciotoNO  J  |  |  k^n  |  |  J  J 


to  in  CNi  CNi  f—  r—  fN  I  I  O)  U)  r-  00  «  cn  to  r>N  o  I 

. .  . . I 

*—  f—  f—  r-  *—  I  I  «  (A  cn  CM  CNI  cn  in  (A  I 

* 

O  "Z.  SI  2!  C  Z  *2  1  1  «0>-K«nin**  I 

NlANflQr^QSvO  I  I  U1i-lA«OlOO..  I 

<— »-r.  —  I  I  CNJ  C\J < —  . —  . —  p-IM( NJ  I 


SSS^SSS  1  tooovo  »i«n«*  i 

to  ao  to  CNi  cm  o  i  i  ^vnouAinOtOto  i 

CNJCNJCNJ  CNi  CNi  ,  ,  SScNiScn^^^S  ! 


04010  40  00  O  I  I  O  to  40  to  CNIO  o  o  o  I 

*-to*—  «noj-  «  i  »“tf  nmncnMnco  i 

»“  <NJ  I  I  | 


II  VH. 
1  !  0^0 


2  z\  cMcncMCMcncNi^fnrncNj^cncMPiKi 

«  XI 
40  I 

8fc|  s"2  5SSg5S;SSSSS2KS 
£§|  SSkSJS^SSSS8SSSS 


00  00  00  OOttQOflOOOflOCBCOfloSNrNNNN 
CNCNfo*  fNNNN  NNKNN 

Oil  •*•*....  •  ai  p  ii  P  «J 

Sl  555  555555555SSSS,Ji.S 

♦  ^  ^  ^OOlOt0fl0  0»F.^*-U»4O00C0»- 
*-CMCM  r- 


MO  O  O'  C*1  CM  ♦  ON  rsCM^«31r>iOtfOtN 

v  ur  O'  o'cntre-p-ifliooicnmoo^^© 

40  40  40  miOlONNNNNCOOOOOOO 


S' 

5  S' 

-  xi  t 

O  |p-  «l 

o  u  It 
'O  U  V  0-0 

C  It  U  L 
«  TJ  -g  «  o 
c  »■  o 


-S.S232 

»*■£.  . 3 


M  >  fc.  k 

v*0  k  k  L 
■*-  It  3  It 

♦;*«  >x  > 
c  it  o  o 

SlaSfcsNl-S 


|  «o  uo  ItV 

I  *  1 


ihn  Murray,  visual  readings 


Table  S.  Derived  Sea  Truth  Parameters  for  JASIN  Experiment. 


Pass 

Wave 

Slope 

!o 

sin  e*.  * 

,  @A 

0  Sea  Truth 

®A 

OFT 

6AC 

Sea  Truth 

®AC 

OFT 

*SAR 

°wv 

547 

0.009 

0.339 

0.288 

122 

119 

58 

61 

189 

112 

556 

0.010 

0.338 

0.305 

64 

58 

64 

58 

270 

100 

590 

0.054 

0.223 

0.213 

107 

— 

73 

— 

129 

120 

0.013 

0.352 

0.224 

39 

39 

— 

129 

008 

599 

0.015 

0.362 

0.153 

155 

— 

25 

— 

249 

354 

633 

0.012 

0.323 

0.315 

77 

— 

77 

— 

277 

290 

642 

0.016 

0.575 

0.142 

166 

— 

14 

— 

036 

320 

714 

— 

— 

— 

— 

59 

— 

59 

— 

— 

719 

_ 

— 

- — 

— 

104 

— 

76 

— 

— 

757 

0.019 

0.848 

0.334 

23 

36 

23 

36 

— 

— 

762 

0.026 

1.051 

1.046 

96 

90 

84 

90 

290 

056 

791 

0.021 

0.699 

0.696 

8S 

107 

as 

73 

349 

354 

834 

0.019 

0.640 

0.314 

151 

126 

29 

54 

046 

345 

958 

0.013 

0.373 

0.192 

149 

81 

31 

81 

— 

— 

1001 

0.037 

0.803 

0.718 

117 

87 

63 

87 

351 

325 

1006 

0.034 

0.973 

0.524 

147 

33 

— 

248 

on 

1044 

0.023 

1.011 

0.705 

44 

38 

44 

38 

— 

— 

1049 

0.020 

0.887 

0.743 

123 

103 

57 

77 

— 

— 

1087 

— 

— 

— 

— 

34 

-- 

34 

— 

— 

Table  6.  Linear  Correlations  between  Wave  Contrast  (PBR)  and 
Environmental  Parameters  for  JASIN  Seasat  Data. 


Parameter 

Wave  Height 
Wavelength  (Sea  Truth) 
Wavelength  (OFT) 

Wave  Slope 

Wave  Direction  Relative  to 
Radar  Look  Direction  (Sea 
Truth) 

Wave  Direction  Relative  to 
Radar  Look  Direction  (OFT) 

Normalized  Orbital  Velocity 

Wind  Direction  Relative  to 
SAR  Look  Direction 

Wind  Direction  Relative  to 
Wave  Direction 


Linear 

Correlation 

0.78* 

0.74* 

0.60** 

0.24 

0.36 

-0.14 

0.76* 

0.43 

0.26 


Wind  Speed 


0.11 


*  Significant  at  p  *  0.99. 
’*  Significant  at  p  ■  0.95 


Table  7.  Multiple  Linear  Correlation  Coefficients. 


Parameter 

PBR 

Hl/3*  x 

0.84** 

H1/3,  sin  eAC  vQ 

0.82* 

X*  sln  0AC  v0 

0.93* 

X.  sin  0AC  vQ,  H1/3 

0.96* 

*  Significant  at  p  <  0.01 
**  Significant  at  p  <  0.05 


Figure  1.  Example  of  Have  Scan  Used  In  Modulation  Depth  Calculations. 


probe  position 
peak  reading 


optical  probe  position 
for  background  reading 
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a)  Schematic  drawing  of  two-dimensional  b)Placement  of  optical  probe  for  peak-to-background 
Fourier  transform.  ratio  measurements. 


Figure  2.  Suitmary  of  Peak-to-Background  Measurement. 
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Figure  5.  Stannary  of  Peak-to-Background  Ratios  for  Lake  Michigan 
Integration  Time  Experiments. 
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ABSTRACT 

The  Joint  Air-Sea  Interaction  (JASIN)  experiment  permitted  the 
comparison  of  wavelength  and  wave  direction  data  collected  simultane¬ 
ously  by  both  the  Seasat  synthetic  aperture  radar  (SAR)  and  surface- 
based  ship  and  buoy  measurements.  The  Seasat  satellite  made  18 
passes  over  an  instrumented  test  site  and  imaged  waves  on  13  occa¬ 
sions.  A  comparison  of  the  wave  spectra  derived  from  the  SAR  image 
to  the  sea  truth  indicates  that  the  Seasat  SAR  produces  good  esti¬ 
mates  of  wavelength  and  wave  direction.  The  environmental  conditions 
under  which  the  SAR  failed  to  image  waves  have  been  carefully  exam¬ 
ined  and  summarized.  A  technique  has  been  developed  to  measure  the 
degree  of  wave  detectability  on  SAR  imagery.  This  wave  detection 
measurement  was  statistically  compared  to  oceanographic  parameters 
(wave  direction,  length  and  height,  wind  speed  and  direction)  to  fur¬ 
ther  investigate  the  limitations  of  the  Seasat  SAR  in  imaging  ocean 
gravity  waves .  A  significant,  positive  linear  correlation  between 
wave  detectability  and  wave  height  (H^),  wavelergth  and  orbital 
velocity  of  the  wave  was  found.  Also  studied  were  special  radar 
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processing  techniques  to  enhance  images  of  gravity  waves  obtained  by 
a  SAR.  Results  of  this  study  indicate  that  for  Seasat  SAR  data, 
special  image  enhancement  adjustments  to  correct  for  motion  of  grav¬ 
ity  waves  do  not  change  the  estimate  of  dominant  ocean  wavelength 
and  direction  generated  from  SAR  data  and  do  not  significantly  im¬ 
prove  the  wave  imagery. 


1.  INTRODUCTION 

The  summer  of  1978  marked  the  culmination  of  two  oceanographic 
research  efforts  in  the  United  States  and  England:  the  launching  of 
the  Seasat  satellite  on  28  June  1978  and  the  Joint  Air/Sea  Interac¬ 
tion  (JASIN)  experiment  in  the  North  Atlantic  from  July  through 
September  of  1978.  The  inter-relation  between  these  two  efforts  was 
the  study  of  surface  gravity  waves. 

The  Seasat  satellite  contained  four  microwave  remote  sensing  in¬ 
struments:  a  scatterometer ,  a  microwave  radiometer,  an  altimeter 
and  a  synthetic  aperture  radar  (for  a  description  of  these  instru¬ 
ments,  see  Barrick  and  Swift,  1980).  The  main  purpose  of  the  syn¬ 
thetic  aperture  radar  (SAR)  was  to  image  gravity  waves  and  other 
physical  oceanic  processes  visible  on  the  ocean  surface.  For  a  re¬ 
view  of  SAR-oceanographic  applications,  see  Vesecky  and  Stewart 
(1981)  or  Shuchman,  et  al.  (1981). 

The  Seasat  SAR  system  operated  at  a  central  frequency  of  1.275 
GHz  (23.5  cm)  and  is  described  in  detail  by  Jordan  (1980).  Seasat 
operated  for  over  100  days  (collecting  some  450  orbits  of  SAR  data) 
when,  on  October  10,  1978,  it  suffered  a  catastrophic  power  failure. 
Seasat  orbited  the  earth  eighteen  times  a  day  at  an  altitude  of  800 
kilometers.  The  Seasat  SAR  had  an  incident  angle  of  about  20  degrees 
and  covered  a  swath  100  kilometers  wide  and  up  to  4000  kilometers 
long  with  a  25  by  25  meter  ground  resolution.  By  telemetry,  the 
satellite  was  linked  to  one  of  five  ground  receiving  stations 
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(Goldstone,  California;  Merrit  Island,  Florida;  Fairbanks,  Alaska; 
Shoe  Cove,  Newfoundland;  and  Qakhangar,  England). 

The  JASIN  experiment  was  sponsored  and  organized  by  the  Royal 
Society  of  the  United  Kingdom  and  was  conducted  during  the  June 
through  September  time  frame  of  1978  in  the  North  Atlantic.  (See 
also  Figure  1.  For  a  more  complete  discussion  of  JASIN,  the  reader 
is  referred  to  Allan  and  Guymer,  1980.)  The  study  of  gravity  waves 
represented  a  small  portion  of  the  overall  JASIN  experiment.  Most 
of  the  gravity  wave  observations  were  made  within  the  Oceanographic 
Intensive  Area  (0IA)  (the  large,  "dashed-line,"  circle  in  Figure  1), 
but  ships  operating  in  the  large  triangular  region  made  gravity  wave 
observations  as  well.  Seasat,  launched  „ust  prior  to  the  JASIN  ex¬ 
periment,  offered  a  unique  opportunity  to  collect  satellite  data  over 
this  well  instrumented  test  site.  A  Seasat  SAR  receiving  station 
was  in  operation  at  Oakhangar,  England  for  the  European  Space  Agency 
and  radar  data  were  collected  on  twenty  different  occasions  when 
Seasat  passed  over  or  near  the  JASIN  study  area.  Eighteen  of  those 
passes  form  the  basis  for  the  present  study  (data  from  two  passes 
were  of  too  poor  quality  to  produce  usable  SAR  imagery). 

2.  STUDY  OBJECTIVES 

There  are  three  objectives  in  the  present  study: 

1.  To  compare  estimates  of  dominant  wavelength  and  wave  direc¬ 
tion  obtained  from  Seasat  SAR  data  to  estimates  obtained  from 
surface  instrumentation; 

2.  To  examine  the  environmental  conditions  under  which  the 
Seasat  SAR  did  and  did  not  image  ocean  gravity  waves;  and 

3.  To  determine  if  Seasat  SAR  images  of  waves  are  sensitive  to 
the  same  motion  compensation  techniques  as  are  aircraft  SAR 


As  previously  mentioned,  the  primary  purpose  in  placing  a  SAR  on 
Seasat  was  tc  image  surface  gravity  waves.  A  number  of  experiments 
have  been  conducted  to  test  SAR's  ability  to  measure  wavelength  and 
direction,  including  several  aircraft  and  two  Seasat  experiments  (see 
Shemdin,  1980a  and  1980b;  Shuchman  and  Meadows,  1980;  Schwab,  et  al., 
1980;  Gonzalez,  et  al.,  1981;  Beal,  1980).  If  the  results  of  all 
these  experiments  are  combined,  the  overall  conclusion  which  emerges 
is  that  SAR-derived  wave  estimates  compare  favorably  to  surface  mea¬ 
sured  values.  Yet,  even  when  all  these  previous  experiments  are 
considered  together,  one  shortcoming  is  still  apparent:  the  range 
of  the  sea  and  weather  conditions  is  relatively  limited.  The  JASIN- 
SAR  data  set  was  collected  over  a  much  wider  range  of  environmental 
conditions  than  previous  experiments  and  therefore  represents  a 
unique  opportunity  to  study  SAR  imaging  of  gravity  waves. 

To  be  able  to  assess  SAR's  value  in  providing  wave  data,  an  un¬ 
derstanding  of  the  system's  limitations  (i.e.,  when  a  SAR  will  or 
will  not  image  surface  gravity  waves)  a  goal  of  SAR  oceanographers. 
Because  the  JASIN  experiment  covered  a  time  span  where  a  wide  range 
of  surface  wave  and  wind  conditions  occurred,  an  examination  of  this 
data  set  should  add  greatly  to  this  goal. 

A  SAR  uses  the  phase  histories  of  backscattered  radar  signals  to 
produce  the  SAR  image  of  a  target.  Movement  of  a  target  when  it  is 
being  imaged  by  a  SAR  system  may  cause  a  degradation  of  that  target's 
image.  Numerous  theoretical  papers  (Shuchman  and  Zelenka,  1978; 
Alpers  and  Rufenach,  1979;  Raney  and  Shuchman,  1978;  Shuchman,  1981) 
have  approached  the  problem  of  imaging  moving  waves  with  a  SAR,  but 
all  analyses  of  these  theories  have  involved  using  aircraft  SAR  data 
(Jain,  1978;  Kasischke,  et  al.,  1979;  Kasischke  and  Shuchman,  1981). 
Data  collected  during  the  JASIN  experiment  were  used  to  study  the 
effects  of  motion  compensation  adjustments  on  Seasat  SAR  data  of 
gravity  waves  during  the  present  study.  Specifically,  two  questions 
were  addressed:  (1)  Is  the  contrast  on  Seasat  SAR  imagery  of  ocean 
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gravity  waves  significantly  improved  when  image  enhancement  tech¬ 
niques  are  employed?  and  (2)  Do  the  estimates  of  dominant  wavelength 
and  direction  change  significantly  when  image  enhancement  techniques 
are  implemented? 


3.  METHODS 

a.  Sea-Truth  Versus  SAR  Comparison 

The  Seasat  SAR  signal  histories  collected  over  the  JASIN  test 
site  were  processed  into  images  using  standard  optical  processing 
techniques  (Cindrich,  et  al.,  1980).  This  imagery  film  was  then  fur¬ 
ther  analyzed  to  obtain  estimates  of  dominant  ocean  wavelength  and 
wave  direction.  Estimates  of  wavelength  and  direction  can  be  ob¬ 
tained  from  SAR  imagery  by  talcing  two-dimensional  Fourier  transforms 
of  the  data.  This  can  be  done  either  optically  or  digitally.  For 
the  SAR  versus  sea  truth  comparison  portion  of  the  study,  estimates 
of  dominant  wavelength  and  direction  were  obtained  from  optical 
Fourier  transforms  (OFTs)  of  the  SAR  wave  imagery  (Barber,  1949). 
Examples  of  SAR  imagery  of  gravity  waves  collected  during  the  JASIN 
experiment  are  presented  in  Figure  2.  The  resulting  digital  fast 
Fourier  transforms  (FFTs)  from  these  data  are  presented  in  Figures  6 
and  8. 

The  portion  of  the  Seasat  pass  used  to  produce  the  OFT  was  the 
area  closest  to  the  nearest  sea-truth  observation  for  that  date. 

Note,  the  locations  of  the  OFTs  were  not  necessarily  the  area  closest 
to  the  Oceanographic  Intensive  Area.  This  was  because  the  ships 
which  deployed  the  pitch  and  roll  buoys  (discussed  below)  were  often 
outside  this  area.  An  aperture  setting  equivalent  to  an  ocean  area 
of  25  km  by  25  km  was  used  during  the  generation  of  the  OFTs. 

During  the  JASIN  experiment,  surface  truth  (wave  data)  were  col¬ 
lected  by  a  variety  of  different  instruments.  This  instrumentation 
included  pitch  and  roll  buoys  (Stewart,  1977)  deployed  from  the  R/V 
Atlantis  II  and  R/V  Discovery,  a  set  of  moored  wave  rider  buoys  which 


C-5 


were  within  the  Oceanographic  Intensive  Area,  wave  recorders  onboard 
the  R/V  John  Murray  and  R/V  Discovery  and  visual  readings  made  from 
the  R/V  John  Murray.  The  exact  location  of  the  research  vessels 
varied  day  to  day  depending  on  what  experiments  they  were  participat¬ 
ing  in,  but  all  obtained  wave  data  at  the  time  of  the  Seasat  over¬ 
pass,  or  at  worst,  within  an  hour  or  two  of  it.  The  wave  rider  buoys 
were  all  located  within  the  Oceanographic  Intensive  Area  (their  exact 
locations  are  marked  by  Figure  1)  and  the  data  from  these  were  col¬ 
lected  at  the  times  of  the  Seasat  overpasses. 

Wave  data  and  sea-truth  estimates  were  processed  using  standard 
oceanographic  techniques  at  the  Scripps  Institute  of  Oceanography. 
Included  in  this  sea-truth  data  set  were  estimates  of  dominant  wave¬ 
length  and  direction,  wave  height  (H-j ^3 )  and  surface  wind  speed 
and  direction.  The  two-dimensional  ocean  wave  frequency  spectra, 
F(id,0)  obtained  from  the  buoys  and  wave  recorders  were  converted  to 
wave  number  spectra  using  the  Jacobian  approximation  (g  /«  , 
where  g  is  the  gravitational  acceleration  and  u  is  the  wave  fre¬ 
quency)  appropriate  to  deep  water  waves  (Vesecky,  et  al.,  1981). 

Because  several  of  the  test  dates  had  more  than  one  available 
set  of  sea-truth,  it  was  necessary  to  decide  which  value  to  use  to 
compare  to  the  OFT  value.  Available  sea-truth  was  therefore  ranked 
according  to  the  desirability  of  the  data  source,  as  follows: 

BEST  1.  Atlantis  II  Pitch  and  Roll  Buoy  or  Discovery  Pitch  and 
Roll  Buoy. 

2.  Moored  OIA  Wave  Rider  Buoy. 

3.  John  Murray  Wave  Recorder  or  Discovery  Wave  Recorder. 

WORST  4.  John  Murray  Visual  Readings. 

If  no  sea-truth  data  were  available  using  the  most  desirable  cate¬ 
gory,  then  the  next  highest  category  which  contained  the  desired  sea- 
truth  data  was  used. 
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Finally,  the  SAR  estimates  of  wavelength  and  direction  were  sta¬ 
tistically  compared  to  the  sea-truth  values  by  linear  correlation  to 
determine  if  the  two  estimates  compared  favorably. 

o .  SAR  Detection  of  Gravity  Waves 

In  determining  whether  a  spaceborne  SAR  system  will  be  an  effec¬ 
tive  tool  for  gathering  wave  data,  an  area  of  important  consideration 
is  the  understanding  of  those  conditions  under  which  a  SAR  will  and 
will  not  image  gravity  waves.  The  JASIN  data  set  provides  a  valuable 
opportunity  to  examine  this  question  because  not  only  were  a  wide 
variety  of  surface  measurements  made  which  can  be  examined  against 
the  SAR  data,  but  also  because  a  wide  spectrum  of  environmental  con¬ 
ditions  were  encountered  during  the  time  span  of  the  JASIN  study. 


As  mentioned  in  the  previous  section,  wave  measuring  instruments 
collected  wave  period  and  directional  data  at  or  near  the  areas  where 
SAR  data  were  collected.  From  these  wave  data,  significant  wave 
heights  (H-^)  were  also  calculated.  Other  surface  measurements 
of  potential  interest  are  surface  wind  speed  (U)  and  direction. 

From  these  surface  measures,  a  group  of  derived  variables  can 
also  be  calculated.  When  examining  directional  data  (wind  or  wave), 
it  is  important  to  know  how  the  waves  (or  wind)  are  traveling  with 
respect  to  the  radar  look  direction.  The  following  directional 
variables  were  calculated: 


1. 


0 


A” 


Normalized  wave  direction.  When  =  0°,  the  waves 
are  traveling  in  the  same  direction  as  the  SAR  plat¬ 
form;  when  0^  „  180°,  the  opposite  direction 

Wave  direction  normalized  to  a  0°  to  90*  range  (where 
0*  is  an  azimuth  traveling  wave  and  90*  is  a  range 
traveling  wave) 


3.  a$;  Wind  direction  relative  to  the  platform  travel  direc¬ 

tion  (normalized  to  a  0°-90*  range,  where  90°  would 
be  a  wind  blowing  perpendicular  to  the  SAR  look 
direction) 
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4. 


Wind  direction  relative  to  wave  direction  (normalized 
to  a  0*-90*  range,  where  90’  would  be  a  wind  blowing 
perpendicular  to  the  wave  direction  of  travel). 


It  has  been  theorized  that  factors  which  might  affect  SAR  imaging 
of  gravity  waves  include  the  local  tilt  of  the  water  surface  (Elachi 
and  Brown,  1977)  and  the  orbital  velocity  of  the  gravity  waves  which 
cause  bunching  of  the  smaller  capillary  and  ultra-gravity  waves 
(Alpers  and  Rufenach,  1979;  Phillips,  1981). 

Wave  slope  (S)  can  be  defined  as: 

S  =  h1/3/x  (1) 

where  x  =  the  dominant  wavelength. 

Kinsman  (1965)  defines  the  orbital  velocity  of  a  gravity  wave 
(vQ)  as: 

vrt  *  k  A  (2) 

O  W  0 

where  kw  »  wave  number  *  2 */x,  and 

Aq  =  amplitude  of  the  waves  *  2.83  H-j^. 

A  normalized  orbital  velocity  (vn)  defined  as  the  orbital 
velocity  in  the  direction  of  radar  1 ine-of-sight,  can  be  calculated 
as: 

%  ’  vo  “AC  (3) 

The  surface  measurements  and  derived  variables  were  compared  to 
the  Seasat  SAR  data  in  both  a  qualitative  and  quantitative  manner. 
For  the  qualitative  comparison,  the  SAR  data  was  subjectively  divided 
into  three  visibility  categories,  and  common  denominators  within 
these  categories  for  surface  measurements  were  determined.  For  the 
quantitative  analysis,  a  wave  crest-to-trough  contrast  measurement 
was  used  as  a  numerical  indicator  of  visibility  of  waves  on  SAR 
imagery  and  statistically  correlated  to  the  various  surface  measure¬ 
ments  and  derived  variables. 
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The  SAR  imagery  collected  over  the  JASIN  area  was  visually 
examined  and  classified  as  having  waves  in  one  of  three  categories: 
(1)  GOOD  imagery,  where  gravity  waves  are  clearly  visible  on  the  SAR 
image;  (2)  POOR  imagery,  where  gravity  waves  are  present,  but  de¬ 
tected  only  upon  close  inspection;  and  (3)  NONE  imagery,  where  no 
gravity  wavelike  patterns  are  visible  on  the  SAR  image.  Upon  cate¬ 
gorizing  the  imagery,  the  surface  measurements  and  derived  data  for 
each  category  were  examined  to  determine  if  a  trend  could  be 
detected. 

The  data  set  was  then  more  rigorously  analyzed  by  statistically 
comparing  the  surface  measurements  and  derived  variables  to  a  re¬ 
cently  developed  wave  crest-to -trough  contrast  measurement  known  as 
a  peak-to-background  ratio  (Kasischke  and  Shuchman,  1981).  The  peak- 
to-background  ratio  (PBR)  is  measured  as  follows:  First,  the  peak 
intensity  of  the  Fourier  transform  spectrum  is  extracted  (either  mea¬ 
sured  from  an  optical  Fourier  transform  or  digitally  derived  from  a 
fast  Fourier  transform).  Next,  a  minimum  intensity  from  the  same 
k-space  of  the  peak  intensity  is  extracted.  The  ratio  of  these  two 
intensities  (i.e.,  peak/minimum)  is  defined  as  the  peak-to-background 
ratio.  For  this  portion  of  the  study,  the  peak  and  minimum  intensi¬ 
ties  were  measured  as  film  densities  of  the  photographic  negative  of 
the  spectrum  obtained  from  an  optical  Fourier  transform  of  the  wave 
data. 

The  peak-to-background  ratios  for  the  eighteen  JASIN  SAR  over 
passes  were  linearly  correlated  (Draper  and  Smith,  1966)  to  the  vari¬ 
ous  surface  measurements  and  derived  variables  (such  as  wave  slope, 
orbital  velocity  and  normalized  orbital  velocity)  to  determine  where 
a  relationship  might  exist.  It  should  be  noted  that  a  linear  corre¬ 
lation  does  not  imply  that  a  cause/effect  relationship  exists  between 
two  variables  in  an  a  posteriori  examination  of  the  data  such  as  is 
presented  here,  it  only  suggests  where  such  a  relationship  might 
exist. 
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c.  SAR  Motion  Corrections 

Because  the  imaging  mechanism  employed  by  the  synthetic  aperture 
radar  is  dependent  upon  the  phase  history  of  the  target  being  imaged, 
any  motion  in  that  target  can  result  in  a  degraded  SAR  image.  This 
phenomena  was  first  reported  on  by  Raney  (1971)  and  more  recently 
Shuchman  and  Zelenka  (1978)  and  Shuchman  (1981).  Shuchman  (1981) 
produced  a  set  of  equations  which  can  be  used  to  calculate  the 
adjustments  necessary  to  compensate  for  these  motion  distortions  when 
processing  the  SAR  signal  histories. 

Studies  using  aircraft  SAR  data  have  shown  that  the  visibility 
or  detectability  of  gravity  waves  is  often  sensitive  to  motion  com¬ 
pensation  adjustments  made  during  the  processing  of  the  SAR  signal 
histories  (Kasischke,  et  al.,  1979;  Kasischke  and  Shuchman,  1981). 
Because  these  motion  compensation  adjustments  are  inversely  propor¬ 
tional  to  the  velocity  of  the  SAR  platform,  it  was  theoretically 
determined  by  early  Seasat  investigators  that  the  motion  adjustments 
may  be  necessary  for  optimum  contrast  wave  imagery  if  the  SAR  data 
is  processed  to  full  resolution.  Furthermore,  it  was  determined  by 
Shuchman  and  Zelenka  (1978)  that  the  adjustment,  if  necessary,  would 
oe  quite  small  and  the  effect  on  the  SAR  wave  imagery  quite  subtle. 

The  purpose  of  the  present  investigation  was  to  determine  the 
degree  of  sensitivity  of  Seasat  SAR  data  to  motion  compensation 
adjustments.  This  was  accomplished  in  two  separate  experiments. 
First,  wave  detectability  or  contrast  was  measured  as  a  function  of 
both  the  range  telerotation  adjustment  and  azimuth  focus  shift 
adjustment.  Next,  SAR  imagery  with  various  telerotation  and  focus 
adjustments  were  digitized  and  fast  Fourier  transformed  to  determine 
if  the  spectral  estimates  varied. 

To  summarize,  a  velocity  in  the  range  (line-of-sight)  direction 
affects  the  SAR  imaging  process  in  several  ways.  One  such  effect  is 
an  azimuthal  displacement  of  the  moving  target's  image  relative  to  a 


stationary  target's  image.  When  a  target  is  accelerating  in  the 
range  direction,  this  azimuth  displacement  changes  during  the  imaging 
time,  resulting  in  a  smearing  in  the  azimuthal  direction.  Neither 
one  of  these  effects  is  correctable  during  processing. 

A  range  velocity  component  will  also  cause  a  smearing  or  defocus- 
ing  in  the  range  direction  due  to  a  rotation  of  the  phase  history  of 
the  target.  This  effect  can  be  corrected  for  during  correlation  of 
the  data  by  rotating  the  lenses  in  the  optical  processor  as  described 
below. 

Motion  of  a  SAR  imaged  target  in  the  along  track  direction  re¬ 
sults  in  a  defocusing  of  the  image  in  the  azimuth  direction.  This 
defocusing  can  be  compensated  for  during  processing  by  adjusting  the 
focal  length  of  the  azimuthal  lens.  For  a  more  detailed  discussion 
of  the  problems  associated  with  imaging  moving  targets  with  a  SAR, 
the  reader  is  referred  to  articles  by  Shuchman  (1981)  or  Shuchman, 
et  al.  (1981). 

Shuchman  (1981)  presented  equations  to  calculate  adjustments  to 
use  during  processing  of  the  signal  histories  for  the  range  and 
azimuth  velocity  components  present  in  gravity  waves .  These  velocity 
adjustments  are  directly  proportional  to  the  velocity  of  the  SAR 
platform.  The  motion  compensation  adjustments  are  of  two  types: 
telerotation  adjustments  which  compensate  for  motion  in  the  range 
(1 ine-of-sight)  direction  and  focus  shifts  which  compensate  for  mo¬ 
tion  in  the  azimuth  direction. 

The  telerotation  adjustment  (Shuchman,  1981)  is: 

v  p 

where  vr  is  the  line-sight  velocity  of  the  target, 
v^q  is  the  SAR  platform  velocity,  and 
P  and  Q  are  SAR  processing  parameters. 


In  a  similar  fasnion,  an  adjustment  can  also  be  made  to  compen¬ 
sate  for  azimuth  velocity  distortions  in  the  SAR  data.  As  derived 
by  Shuchman  and  Zelenka  (1978),  the  focal  length  (F  )  for  SAR  proc¬ 
essing  is  defined  as: 


where  R  is  the  slant  range  to  the  target, 
x  is  the  radar  wavelength, 
xQ  is  the  optical  processor  wavelength, 

M  is  azimuth  demagnification  of  the  optical  processor,  and 
Vf  is  the  film  velocity. 

Using  the  focal  length  (F  )  calculated  in  Eq.  (5),  the  shift 
in  focal  length  (aF)  produced  by  a  moving  target  is  defined  as 

aF  *  2Fo  T~  (6) 

0  VAC 

wnere  vA  is  the  target  velocity  parallel  to  the  SAR  platform 
direction. 

It  can  be  seen  that  both  adjustments  are  inversely  proportional 
to  the  velocity  of  the  SAR  platform.  For  the  velocity  of  the  Seasat 
satellite  (-7800  m/s),  the  adjustments  needed  to  correct  for  the 
phase  velocity  of  the  gravity  waves  are  very  much  smaller  than  those 
needed  for  an  aircraft  SAR  (vftC  =  150  m/s). 

Range  telerotation  adjustments  were  made  on  Seasat  SAR  data  from 
Revolution  762.  Surface  measurements  indicated  the  dominant  wave¬ 
length  at  this  time  was  210  meters  (C  *  18.1  m/s)  and  the  SAR  data 
indicated  a  241  meter  (C  »  19.4  m/s)  dominant  wave  was  present.  The 
telerotation  adjustment  ($)  calculated  for  the  Revolution  762  SAR 
data  assumed  a  19.4  m/s  dominant  wave  was  present.  SAR  imagery  of 
waves  from  Revolution  762  were  processed  using  the  following 


C-12 


telerotation  adjustments:  -9$,  -70,  -5$,  -30,  -20,  -0,  0  +  0,  +20, 
+30,  +50,  +70,  and  +90.  A  negative  (-)  telerotation  assumes  the 
waves  are  moving  away  from  the  SAR  and  a  positive  (+)  telerotation 
assumes  the  waves  are  moving  towards  the  SAR.  During  Rev.  762,  the 
waves  were  moving  towards  the  SAR. 

Seasat  SAR  imagery  from  Revolution  1087  was  optically  processed 
using  a  variety  of  different  azimuth  focus  shifts,  flo  sea-truth  was 
collected  for  this  pass,  but  it  is  clear  from  Figure  2  that  the  waves 
are  nearly  azimuth  traveling.  The  optical  Fourier  transform  of  this 
data  indicates  a  299  meter  dominant  wave  is  present  (C  =*  21.2  m/sec). 
A  focus  shift,  P,  was  calculated  assuming  the  waves  had  a  phase  speed 
of  21.2  m/sec.  Revolution  1087  data  were  processed  using  the  follow¬ 
ing  focus  shifts:  -4P,  -3P,  -2P,  -P,  0,  P,  2P,  3P,  4P.  A  negative 
(-)  focus  shift  assumes  the  waves  are  moving  in  the  same  direction 
as  the  SAR  platform  while  a  positive  (+)  correction  assumes  the  waves 
are  moving  in  the  opposite  direction.  Since  no  sea  truth  was  avail¬ 
able,  the  assumption  was  made  that  the  waves  were  propagating  towards 
the  Scottish  Coast,  therefore  opposite  the  SAR  platform  direction. 

To  explore  the  question  of  whether  or  not  the  telerotation 
adjustments  significantly  alter  the  SAR  derived  estimates  of  wave¬ 
length  and  direction,  digital  analysis  techniques  were  employed. 

SAR  imagery  from  both  Revolutions  762  and  1087  were  digitized  using 
ERIM's  Optical  Hybrid  Digitizing  Facility  (see  Ausherman,  et  al., 
1975).  For  Revolution  762,  imagery  from  the  -20,  -0,  0,  +0  and  +20 
telerotation  settings  were  digitized.  For  Revolution  1087,  imagery 
from  the  -2P,  -P,  0,  +P  and  +2P  azimuth  focus  shifts  were  digitized. 
These  digitial  data  were  then  fast  Fourier  transformed  and  the  re¬ 
sultant  one-dimensional  wave  number  and  wave  direction  plots 
examined. 


4.  RESULTS 


Table  1  summarizes  the  coincident  surface  measured  wave  and  wind 
data  along  with  the  SAR-derived  estimates  of  dominant  wavelength  and 
direction  and  wave  contrast  for  the  eighteen  SAR  overpasses  made 
during  the  JASIN  experiment.  Included  in  Table  1  are  the  Seasat  pass 
number,  the  date  and  time  the  SAR  data  were  collected,  the  source  of 
the  sea  truth  used  to  compare  to  the  SAR  data,  the  distance  between 
the  SAR  and  surface  observations,  the  surface  measured  values  for 
dominant  wave  direction  (©y),  dominant  wavelength  (x),  significant 
wave  height  (H^),  wind  speed  (U)  and  wind  direction  (ay)  and  SAR 
derived  estimates  of  wave  direction  (©y-OFT  and  Oy-FFT),  wavelength 
(x-OFT  and  x-FFT)  and  wave  contrast  (PBR). 

First,  a  comparison  was  made  between  the  surface  measured  esti¬ 
mates  to  those  obtained  from  Seasat  SAR  OFT  estimates.  Figure  3 
presents  a  scatter  plot  of  SAR-derived  versus  surface  measured  values 
of  dominant  wavelength.  Figure  4  is  a  scatter  plot  of  the  two  esti¬ 
mates  of  dominant  wave  direction.  From  these  two  plots,  we  can  see 
the  two  methods  of  measuring  waves  compare  favorably. 

Next,  a  qualitative  assessment  of  the  factors  which  might  be  im¬ 
portant  in  determining  whether  or  not  a  SAR  successfully  images  grav¬ 
ity  waves  was  made. 


Table  2  lists  wavelength  (x),  wave  height  (H^)  and  radar  look 
direction  normalized  to  the  direction  of  wave  travel  (&A(0  for  the 
three  classes  of  SAR  wave  imagery  (i.e.,  GOOD,  POOR  and  NONE).  For 
©A£,  a  0°  reading  means  the  waves  are  traveling  parallel  to  the 
radar  1 ine-of-sight  and  a  90°  reading  indicates  the  waves  are  travel¬ 
ing  perpendicular  to  the  radar  1 ine-of-sight.  An  examination  of 
Table  2  reveals  that  one  of  two  conditions  existed  when  waves  were 


not  visible  on  the  SAR  imagery:  (1)  the  wave  height  (H-^)  was 
less  than  1.3  meters;  or  (2)  the  waves  were  traveling  nearly  parallel 


to  the  radar  1 ine-of-sight  <  35*). 


For  the  POOR  wave  imagery. 
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we  can  also  see  that  one  of  the  above  limits  was  being  approached  on 
three  out  of  the  five  cases. 
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Table  3  summarizes  the  derived  variables  which  were  calculated 
to  supplement  the  surface  measured  data.  Included  in  this  table  is 
wave  slope,  orbital  velocity  (vQ),  normalized  orbital  velocity  (v^), 
two  estimates  of  wave  direction  relative  to  the  SAR  look  direction 
(»A~sea  truth  and  e^-OFT),  normalized  relative  radar  look  direction 
(es~sea  truth  and  &w-0FT)  and  two  normalized  wind  directions  (a*-^ 
and  The  surface  measured  and  derived  variables  were  then 

linearly  correlated  to  the  wave  contrast  peak-to-background  ratio 
(PBR). 


Table  4  summarizes  the  linear  correlations  between  the  peak-to- 
background  ratio  and  the  various  surface  measurements  and  derived 
variables.  Significant  (p  <  0.05)  linear  correlations  existed  be¬ 
tween  the  wave  contrast  measurement  and  wavelength  (both  x-sea  truth 
and  x-OFT),  wave  height  (Hi y 3 ) »  orbital  velocity  (vQ)  and  normalized 
orbital  velocity  (sin  vQ).  Table  5  summarizes  multiple  linear 
regression  coefficients  calculated  between  combinations  of  x,  H^3 

o' 

(p  <  0.05) . 


and  sin  vn.  Again,  these  coefficients  are  all  significant 


The  final  investigation  performed  on  the  JASIN-SAR  comparison 
was  to  determine  if  Seasat  SAR  could  be  improved  by  using  motion 
compensation  adjustments  during  processing  of  the  SAR  data.  Figure  5 
and  Table  6  summarize  the  results  of  the  wave  contrast  versus  tele¬ 
rotation  measurements.  Note  on  Figure  5  that  a  positive  telerotation 
is  compensating  for  wave  motion  away  from  the  radar  1 ine-of-sight 
while  a  negative  telerotation  adjusts  for  motion  towards  the  radar. 
Each  point  on  the  curve  represents  an  average  of  five  separate 
measurements. 


The  trend  in  Figure  5  is  clear.  Telerotation  adjustments  do  not 
appear  to  appreciably  degrade  Seasat  SAR  imagery  within  ±30  of  the 


C-l  5 


stationary  focus  setting.  Studies  of  aircraft  SAR  data  have  shown 
that  waves  become  undetectable  on  SAR  imagery  when  a  telerotation  of 
±2t>  from  the  optimum  setting  is  used  (see  Kasischke,  et  al.,  1979; 
Kasischke  and  Shuchman,  1981). 

Figure  6  illustrates  the  two-dimensional  spectra  generated  by 
conducting  a  fast  Fourier  transform  of  the  digitized  SAR  data  from 
Revolution  762,  for  three  telerotation  adjustments  (-2$,  0,  +26). 
Figure  6  also  presents  the  one-dimensional  wave  direction  and  wave 
number  spectra  generated  from  the  fast  Fourier  transform.  We  can 
see  that  the  spectral  estimates  change  very  little  when  a  non-zero 
range  telerotation  is  used. 

Table  6  and  Figure  7  summarize  the  results  of  the  wave  contrast 
versus  the  azimuth  focus  shift  adjustments.  Again,  each  point  repre¬ 
sents  an  average  of  five  points.  It  can  be  seen  that  the  highest 
wave  contrast  was  obtained  when  a  land  (0)  focus  setting  was  used. 
With  the  azimuth  focus  shifts,  it  appears  that  the  Seasat  SAR  wave 
imagery  was  not  significantly  degraded  until  a  focus  shift  greater 
than  ±2P  was  used. 

Figure  8  illustrates  the  two-dimensional  spectra  generated  from 
the  Revolution  1087  data.  For  the  three  azimuth  focus  settings 
(-2P,  0,  +2P),  Figure  8  also  presents  the  one-dimensional  wave  direc¬ 
tion  and  wave  number  spectra  from  these  data.  From  Figure  8,  we  can 
see  that  the  spectral  estimates  generated  using  different  azimuth 
focus  settings  change  very  little  when  non-stationary  settings  are 
used. 


5.  DISCUSSION  OF  RESULTS 

The  telerotation  and  focus  shift  adjustment  portion  of  this  study 
shows  that  Seasat  SAR  data  is  relatively  insensitive  to  motion 
adjustment  techniques  which  compensate  for  wave  motion  in  both  the 
range  and  azimuth  direction.  This  insensitivity  is  true  for  both 


C—  1 6 


the  visibility  of  waves  on  SAR  imagery  and  the  estimates  of  dominant 
wavelength  and  wave  direction  obtained  from  digital  fast  Fourier 
transforms  of  the  digital  data.  This  result  indicates  that  when 
processing  spaceborne  SAR  data  of  ocean  gravity  waves,  special  motion 
compensation  processing  techniques  will  not  have  to  be  used  if  a 
stationary  (0)  focus  can  be  established. 

The  present  study  of  SAR  wave  imagery  collected  during  the  JASIN 
experiment  has  added  greatly  to  the  evaluation  of  the  utility  of  SAR 
to  monitor  gravity  waves.  The  comparison  of  dominant  wavelength  and 
wave  direction  estimates  obtained  from  SAR  data  to  those  collected 
by  a  variety  of  surface  instruments  indicates  the  Seasat  SAR  was  in¬ 
deed  accurately  imaging  the  dominant  wave  field  present  on  the 
ocean's  surface  of  the  time  of  the  SAR  overflights.  This  argument 
is  strengthened  when  the  JASIN  data  is  combined  with  other  Seasat 
data,  such  as  that  collected  during  the  GOASEX  and  DUCKEX  studies 
(see  Vesecky  and  Stewart,  1981). 

The  combined  surface  truth  and  Seasat  SAR  data  also  allowed  an 
examination  of  the  conditions  when  the  SAR  did  and  did  not  image 
gravity  waves.  A  qualitative  assessment  of  the  data  reveals  two 
factors  to  be  important:  the  height  of  the  waves  and  the  direction 
of  the  waves  with  respect  to  the  SAR  look  direction.  A  quantitative 
evaluation  of  the  data  revealed  significant  statistical  linear  cor¬ 
relations  between  wave  contrasts  (measured  as  a  peak-to-back ground 
ratio)  and  wave  height,  wavelength  and  orbital  velocity  of  the  grav¬ 
ity  waves . 

There  is  a  general  concensus  that  SARs  will  image  gravity  waves 
traveling  perpendicular  to  the  radar  1 ine-of-sight  (i.e.,  range 
traveling  waves)  better  than  waves  traveling  parallel  to  the  1 ine-of- 
sight  (i.e.,  azimuth  waves).  Using  aircraft  SAR  data  collected  off 
of  Marineland,  Florida,  Teleki,  et  al.  (1978)  found  higher  crest-to- 
trough  wave  contrast  in  range  waves.  This  same  general  trend  was 
found  in  the  JASIN  data,  using  a  qualitative  examination  of  the  data. 
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The  inter-relationship  found  between  wavelength  and  wave  contrast 
in  the  JASIN  data  supports  the  present  concensus  of  SAR  investigators 
on  this  subject.  Sampling  theory  (Nyquist)  states  that  at  least  two 
samples  per  wave  cycle  are  necessary  to  resolve  gravity  waves  on  SAR 
imagery.  In  reality,  the  number  of  samples  is  probably  between  four 
and  six.  The  number  of  samples  per  wave  cycle  is  dependent  on  two 
variables:  the  spatial  resolution  of  the  SAR  system  and  the  wave¬ 
length  of  the  surface  waves.  It  has  been  determined  that  given 
Seasat's  25  meter  ground  resolution,  it  should  be  able  to  observe  80 
meter  or  longer  gravity  waves  (Beal,  1980).  The  JASIN  data  set  sup¬ 
ports  this  concept,  with  the  shorter  period  waves  in  the  data  set 
being  less  readily  detected  than  the  longer  period  waves. 

The  relationship  between  wave  height  and  detection  of  waves  by 
SARs  has  yet  to  be  examined  in  detail.  It  is  known  from  the  East 
Coast  experiment  (Beal,  1981)  that  the  Seasat  SAR  had  difficulty 
imaging  waves  which  had  significant  heights  of  less  than  approxi¬ 
mately  1.0  meter.  This  observation  was  supported  by  the  JASIN  data 
set  in  that  the  cases  when  the  Seasat  did  not  detect  gravity  waves 
were  generally  low  wave  heights  and  also  the  positive  linear  correla¬ 
tion  between  wave  contrast  and  wave  height  (H-|^). 

The  relationship  between  orbital  velocity  and  wave  contrast  is 
perhaps  the  most  interesting  from  a  theoretical  standpoint  as  to  why 
a  3AR  images  gravity  waves  in  the  first  place.  It  has  been  suggested 
by  Phillips  (1981),  and  others  that  short  capillary  and  ultra-gravity 
waves  are  modulated  by  longer  gravity  waves.  Phillips  (1981)  sug¬ 
gests  that  gravity  waves  are  moving  faster  than  capillary  and  ultra¬ 
gravity  waves  causing  compression  of  the  small  waves  and  an  increase 
in  their  height  in  the  crest  region  of  the  gravity  wave  and  a  height 
decrease  and  elongation  of  the  shorter  waves  in  the  trough  region. 
This  compression  and  expansion  is  thought  to  result  from  the  strain¬ 
ing  of  the  shorter  waves  by  the  horizontal  component  of  the  orbital 
velocity  of  the  gravity  wave  (Wright,  et  al.,  1980).  The  positive 
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linear  correlation  between  orbital  velocity  and  wave  contrast  found 
in  the  JASIN  data  supports  this  theory. 


6.  CONCLUSIONS 

An  examination  of  Seasat  SAR  imagery  collected  during  the  JASIN 
experiment  has  proven  beneficial  in  several  ways.  First,  a  compari¬ 
son  of  estimates  of  dominant  wavelength  and  direction  produced  from 
SAR  data  to  those  produced  from  surface  instrumentation  has  added  to 
the  growing  body  of  evidence  that  SARs  can  be  used  to  accurately 
produce  these  wave  statistics. 

The  present  study  has  shown  that  Seasat  SAR-wave  imagery  is  not 
as  sensitive  to  motion  compensation  techniques  as  is  aircraft  SAR 
data.  This  result  indicates  that  to  produce  optimal  images  of  grav¬ 
ity  waves  from  spaceborne  SAR  data  will  not  require  special  process¬ 
ing.  This  is  not  always  the  case  when  processing  data  collected  by 
aircraft-mounted  SARs.  The  insensitivity  to  motion  effects  noticed 
in  Seasat  SAR  images  is  true  in  terms  of  both  detectability  of  waves 
on  SAR  imagery  and  the  estimates  of  dominant  wavelength  and  direction 
obtained  from  the  SAR  data. 

Finally,  the  JASIN  data  set  has  given  additional  insight  to  the 
question  of  when  a  SAR  will  or  will  not  image  gravity  waves.  The 
data  support  the  present  theories  that  a  spaceborne  SAR  has  diffi¬ 
culty  imaging  azimuth  traveling  waves  and  waves  with  significant  wave 
heights  less  than  approximately  1.0  meter  or  wavelengths  greater  than 
80  meters.  It  was  also  shown  that  a  positive  linear  correlation 
existed  between  wave  contrast  on  the  SAR  imagery  and  the  orbital 
velocity  of  the  waves. 
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Discovery,  pitch  and  roll  buoy 
John  Hurray,  wave  recorder 
Discovery,  wave  recorder 
John  Hurray,  visual  readings 


TABLE  2.  SUMMARY  OF  WAVELENGTH,  HEIGHT,  AND  DIRECTION 
DATA  FOR  JASIN  DATA* 


Revolution 

None 

X 

Hl/3 

!ac 

590 

89-222 

1.2 

73°  -  39 

599 

71 

1.1 

25° 

633 

89 

1.1 

77° 

642 

169 

2.7 

14° 

1006 

105 

3.6 

33° 

Poor 


556 

151 

1.5 

64° 

714 

182* 

— 

59°* 

834 

147 

2.8 

29° 

958 

108 

1.4 

31° 

719 

164* 

— 

76°* 

Good 

547 

170 

1.6 

58° 

757 

256 

4.9 

23° 

762 

210 

5.5 

O 

O 

791 

151 

3.1 

73° 

1001 

81 

2.3 

63° 

1044 

244* 

5.7 

44° 

1049 

244 

5.0 

^4 

O 

1087 

299* 

--- 

34° 

*  All  data  use  sea  truth  estimates  except  for  those  denoted  with  an  (*). 
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TABLE  3.  DERIVED  SEA  TRUTH  PARAMETERS  FOR  JASIN  EXPERIMENT. 


Pass 

Wave 

Slope 

la 

sin  ®AC  v0 

0A 

Sea  Truth 

0A 

OFT 

0AC 

Sea  Truth 

°AC 

OFT 

aSAR 

a 

wv 

547 

0.009 

0.339 

0.288 

122 

119 

58 

61 

44 

76 

556 

0.010 

0.338 

0.305 

64 

58 

64 

58 

71 

83 

590 

0.054 

0.223 

0.213 

107 

— - 

73 

— 

61 

78 

0.013 

0.352 

0.224 

39 

— 

39 

— 

— 

— 

599 

0.015 

0.362 

0.153 

155 

— 

25 

— 

51 

24 

633 

0.012 

0.323 

0.315 

77 

— 

77 

— 

88 

75 

642 

0.016 

0.575 

0.142 

166 

— 

14 

— 

22 

34 

714 

— 

— 

— 

— - 

59 

— 

59 

— 

— 

719 

— 

— 

— 

— 

104 

-- 

76 

19 

56 

757 

0.019 

0.848 

0.334 

23 

36 

23 

36 

61 

36 

762 

0.026 

1.051 

1.046 

96 

90 

84 

90 

47 

36 

791 

0.021 

0.699 

0.696 

85 

107 

85 

73 

0 

5 

834 

0.019 

0.640 

0.314 

151 

126 

29 

54 

37 

24 

958 

0.013 

0.373 

0.192 

149 

81 

31 

81 

50 

89 

1001 

0.037 

0.803 

0.718 

117 

87 

63 

87 

18 

44 

1006 

0.034 

0.973 

0.524 

147 

— - 

33 

— 

58 

1 

1044 

0.023 

1.011 

0.705 

44 

38 

44 

38 

65 

69 

1049 

0.020 

0.887 

0.743 

123 

103 

57 

77 

30 

1 

1087 

— 

— 

— 

— 

34 

— 

34 

86 

57 

TABLE  4.  LINEAR  CORRELATIONS  BETWEEN  WAVE  CONTRAST  (PBR)  AND 
ENVIRONMENTAL  PARAMETERS  FOR  JASIN  SEASAT  OATA. 


Parameter 

Linear 

Correlation 

Wave  Height 

0.69** 

Wavelength  (Sea  Truth) 

0.55** 

Wavelength  (OFT) 

0.71* 

Wave  Slope 

0.02 

Wave  Direction  Relative  to 

Radar  Look  Direction  (Sea 
Truth 

0.38 

Wave  Direction  Relative  to 

Radar  Look  Direction  (OFT) 

-0.05 

Normalized  Orbital  Velocity 

0.81* 

Wind  Direction  Relative  to 

SAR  Look  Direction 

-0.07 

Wind  Direction  Relative  to 

Wave  Direction 

-0.18 

Wind  Speed 

0.19 

*  Significant  at  p  *  0.99 
**  Significant  at  p  ■  0.95 


T 


TABLE  5.  MULTIPLE  LINEAR  CORRELATION  COEFFICIENTS. 


Parameter 

PBR 

1/3’  X 

0.70** 

1/3’  s1n  0AC  v0 

0.94* 

’•  Sin  0AC  v0 

0.88* 

,,  sin  0AC  vQ,  H1/3 

0.94* 

*  Significant  at  p  <  O.Ol 
**  Significant  at  p  <  0.05 
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TABLE  6 


PEAK-TO-BACKGROUND  (PBR)  RATIO  VERSUS  TELEROTATION  ADJUSTMENT 
AND  AZIMUTH  FOCUS  SHIFT.  (SEASAT  SAR  Revs.  762  and  1087, 
respectively) 


Telerotation 


Setting 

PBR 

S.D. 

+9<(> 

6.7 

0.6 

+7  0 

11.1 

1.1 

+50 

17.1 

1.0 

+30 

23.3 

3.0 

+20 

30.4 

3.9 

+0 

31 .2 

2.3 

0  (Stationary  Target) 

33.3 

3.0 

33.3 

3.2 

-2<D 

28.9 

6.7 

-3<J> 

25.3 

3.5 

-54> 

12.1 

0.7 

-70 

8.2 

1.6 

2.9 

0.2 

Focus  Shift 

PBR 

S.D.* 

+4P 

5.9 

1 .3 

+3° 

10.2 

1 .4 

+2P 

12.7 

2.3 

+P 

11.8 

0.8 

0  (Stationary  Target) 

18.4 

2.6 

-P 

14.7 

2.8 

-2P 

13.5 

1 .8 

-3P 

8.3 

0.9 

-4P 

6.0 

0.9 
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*  Standard  Deviation 


FIA  FIXED  INTENSIVE  ARRAY 

01 A  OCEANOGRAPHIC  DEPTH  CONTOURS 

INTENSIVE  4REA  ARE  IN  METERS 


FIGURE  1.  JOINT  AIR-SEA  INTERACTION  (JASIN)  EXPERIMENT  AREA 

SHOWING  TYPICAL  SEASAT  SAR  IMAGE  SWATHS  AND  SECTIONS 
OF  IMAGES  USED  FOR  WAVE  ANALYSIS.  (THE  PERMANENTLY 
ANCHORED  WAVERIDER  BUOYS  ARE  DENOTED  C2  THROUGH  C6. 
THE  SHIP  DEPLOYED  PITCH  AND  ROLL  BUOYS  WERE  TYPI¬ 
CALLY  SET  IN  THE  FIA  AREA.  AFTER  VESECKY,  ET.  AL., 
1981.) 
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OFT 

Wavelength  (m) 


FIGURE  3.  PLOT  OF  WAVELENGTH,  SEA-TRUTH  VERSUS  OFT,  FOR  JASIN 
SEAS AT  DATA. 


Standard  Deviation 


FIGURE  5  .  PEAK-TO-BACKGROUNO  RATIO  VERSUS  TELEROTATION  ADJUSTMENT,  SEASAT  REV.  762 


DIMENSIONAL  FAST  FOURIER  TRANSFORMS  AND  ONE-DIMENSIONAL  WAVE  DIRECTION  AND 
NUMBER  SPECTRA  VERSUS  TELEROTATION  ADJUSTMENTS  FOR  SEASAT  REV.  762  DATA. 


IGURE  7.  PEAK-TO-BACKGROUND  RATIO  VERSUS  AZIMUTH  FOCUS  SHIFT,  SEASAT  REV.  1087 


TWO-DIMENSIONAL  FAST  FOURIER  TRANSFORMS  AND  ONE -DIMENSIONAL  WAVE  DIRECTION  AND 
WAVE  NUMBER  SPECTRA  VERSUS  TELEROTATION  ADJUSTMENTS  FOR  SEASAT  REV.  1087  DATA. 
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Synthetic  Aperture  Radar  Imaging  of  Ocean  Waves: 
Comparison  With  Wave  Measurements 

Willi  m  McLeish,'  Duncan  Ross,'  Robert  A.  Shuchman,2  Paul  G.  Teleki,5 
S.  Vincent  Hsiao,*  O.  H.  Shemdin,*  and  W.  E.  Brown,  Jr.* 

Synthetic  aperture  radar  images  of  ocean  waves  were  obtained  in  conjunction  with  reference  wave  data 
near  Marineland,  Florida,  December  14,  197$.  Each  of  the  various  types  of  measurements  were  processed 
into  a  form  that  allowed  direct  comparisons  with  the  others.  Maxima  of  radar  spectra  occurred  at  the 
same  frequencies  as  the  maxima  of  reference  wave  height  spectra.  In  a  comparison  of  a  radar  spectrum 
with  observed  spectra  of  wave  height,  wave  orbital  velocity,  and  surface  slope  the  high-frequency  portion 
of  the  radar  spectrum  lay  near  and  between  the  wave  height  and  the  orbital  velocity  spectra  but  differed 
significantly  from  the  surface  slope  spectrum.  The  radar-derived  mean  directions  and  model-fitted  direc¬ 
tional  spreads  of  wave  energy  were  close  to  the  values  from  a  directional  wave  buoy  and  indicated  the 
accuracy  of  radar  measurements  of  wave  direction.  However,  a  directional  plot  of  a  radar  spectrum  near 
shore  at  the  frequency  of  the  maximum  showed  a  sharper  peak  than  such  a  plot  of  a  fitted  spectrum  de¬ 
rived  from  reference  data.  The  high  directional  resolution  of  the  radar,  in  addition  to  its  making  observa¬ 
tions  at  different  locations,  allowed  radar  images  to  provide  information  about  ocean  waves  not  available 
from  the  other  instruments.  As  a  swell  propagated  across  the  continental  shelf,  it  was  scattered  in  direc¬ 
tion,  apparently  by  the  irregularities  of  the  bottom,  and  very  little  of  its  energy  reached  shore.  The 
shorter  sea  waves  had  a  narrow  directional  distribution  when  first  observed  offshore  that  may  have  been 
sharpened  by  interaction  with  the  Gulf  Stream.  Radar  images  showed  effects  of  bottom  refraction  on  the 
sea  waves  as  they  moved  into  progressively  shallower  water. 


Introduction 

The  ability  to  obtain  nearly  synoptic  directional  wave  infor¬ 
mation  on  a  relatively  large  spatial  scale  is  a  goal  actively  pur¬ 
sued  by  some  in  the  ocean  research  community.  One  ap¬ 
proach  to  obtaining  such  information  is  through  the  use  of 
imaging  radar.  Crombie  [1955]  was  the  first  to  associate  radar 
backscatter  with  ocean  waves  with  a  wavelength  of  one-half 
the  wavelength  of  the  incident  radar.  Wright  [1968]  and  Bass 
et  al.  [1968]  proposed  a  composite  theory  wherein  the  level  of 
backscatter  was  a  function  of  the  amplitude  of  the  short 
(Bragg)  waves  and  their  local  tilt  due  to  the  presence  of  an  un¬ 
derlying  longer  wave.  Thus  if  a  radar  beam  properly  scans  the 
surface,  theory  predicts  that  the  underlying  waves  will  be  im¬ 
aged. 

Indeed,  real  aperture  radars  have  been  in  use  since  the  mid- 
I950’s  by  the  Dutch  to  observe  swell  patterns  at  the  entrances 
to  harbors,  and  airborne  systems  have  been  utilized  both  by 
the  Dutch  [De  Loor  and  Brunsveld  Van  Hulten,  1978]  and  in 
the  USSR  ( Bondarenko  et  al.,  1972]  since  the  early  1970’s.  Air¬ 
borne  synthetic  aperture  radar  has  been  used  to  observe  waves 
generated  by  hurricanes  at  L  band  [Boss  et  al,  1974],  while  X 
band  systems  have  observed  features  of  the  Gulf  Stream 
\Wright  et  al.  1976). 

The  Seasat  A  satellite  was  the  first  attempt  to  obtain  wave 
imagery  from  space.  Preliminary  results  from  its  data  [Gonza¬ 
lez  et  al,  1979;  Teleki  et  al,  1979]  show  that  useful  imagery 
can  be  obtained. 

The  Seasat  A  results  and  previous  studies  were  principally 
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concerned  with  wavelength  and  direction  information.  The 
results  are  encouraging,  but  it  must  be  noted  that  the  majority 
of  waves  imaged  appear  to  have  been  swell  and  the  limitations 
of  the  synthetic  aperture  approach  in  imaging  local  sea  is  not 
known. 

According  to  the  theory  of  synthetic  aperture  systems,  as 
discussed  by  Brown  and  Porcello  [1969],  the  location  of  a  re¬ 
flecting  element  on  the  earth’s  surface  is  determined  by  track¬ 
ing  the  Doppler  phase  history  of  the  returned  signal.  For  a 
fixed  surface,  there  is  a  unique  Doppler  relationship  for  the 
received  radar  signal  from  a  given  earth  location.  If  the  sur¬ 
face  is  in  motion,  however,  as  in  the  case  of  ocean  waves,  the 
Doppler  history  of  the  earth  location  is  distorted,  and  the  re¬ 
sulting  image  becomes  ‘defocused.’  The  amount  of  defocusing 
varies  with  the  speed  of  the  motions  [Alpers  and  Rufenach, 
1979]. 

In  this  paper  we  examine  synthetic  aperture  imagery  of 
ocean  waves  and  compare  characteristics  of  the  derived  radar 
spectra  with  wave  spectra  obtained  from  in  situ  instrumenta¬ 
tion.  Thus  the  frequency  and  directional  properties  of  radar 
spectra  are  compared  with  those  of  height,  orbital  velocity, 
and  slope  spectra  obtained  from  a  buoy,  orthogonally  ori¬ 
ented  current  meters,  pressure  transducers,  and  an  airborne 
laser  wave  profilometer.  The  different  instruments  were  as¬ 
sembled  in  a  joint  experiment  held  off  Marineland,  Florida,  in 
December  1975.  The  waves  on  that  date  had  been  generated 
over  a  fetch  of  500-1000  km  by  a  nearly  steady  east  wind  with 
a  speed  of  about  10  m/s  offshore  and  3  m/s  near  the  coast. 
Thus  the  offshore  waves  were  in  the  downwind  portion  of  an 
extended  generating  area,  whereas  those  near  shore  had  be¬ 
gun  a  modification  toward  swell  under  the  decreased  wind 
speeds.  Propagation  through  the  Gulf  Stream  and  in  shallow 
water  caused  additional  changes  in  the  waves. 

The  results  of  the  study  are  both  encouraging  and  in¬ 
conclusive.  The  transfer  function  relating  variations  in  the  ra¬ 
dar  return  signal  to  ocean  waves  depends  in  an  as  yet  undeter¬ 
mined  manner  on  several  variables,  including  the  state  of  the 
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fig  I  Radar  image  ol  ocean  waves  near  shore  and  reference  wave  measuring  inslrumenls:  ( I )  ship  operating  pitch-roll 
buoy.  (2)  Ul  wave-recording  tower.  (3)  ship  operating  wave  tower.  (4)  ship  recording  background  data,  and  (5)  surf  and 
five  groins  extending  from  the  beach  The  sea  sled  was  inshore  of  the  pitch-roll  buoy  The  IS  squares  are  the  regions  of 
individual  radar  spectra,  where  each  side  represents  683  m 


sea.  the  aspect  angle  from  which  the  waves  are  viewed,  and  and  believe  that  the  cumulative  results  will  lead  to  the  capa- 
the  operating  characteristics  of  the  radar  Thus  no  single  study  bility  of  observing  remotely  the  complete  two-dimensional 
is  likely  to  provide  a  satisfactory  knowledge  of  the  function,  wave  energy  spectrum  when  in  conjunction  with  a  reference 
We  are,  however,  more  knowledgable  than  we  were  before  airborne  wave-measuring  instrument 
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Fig.  2.  Intercomparison  among  reference  wave  height  spectrum 
measurements:  pitch-roll  buoy  (light  solid  curve),  UF  tower  (heavy 
solid  curve),  and  sea  sled  (dashed  curve).  E  is  variance  density. 

Preliminary  portions  of  the  present  results  were  included  in 
the  studies  by  Shemdin  et  al.  [1978a],  Hsiao  [1978],  and  Teleki 
et  al.  [1978], 

Radar  Wave  Measurements 

Images  of  ocean  waves  were  recorded  by  an  X  and  L  band 
airborne  synthetic  aperture  radar  viewing  the  sea  surface  at 
large  depression  angles  [Shemdin  et  al.,  1978a],  In  the  present 
study,  only  horizontally  polarized  X  band  (A  =  3.2  cm)  radar 
data  obtained  on  December  14,  1975,  are  examined.  The  ra¬ 
dar  images  showed  that  the  ocean  waves  were  traveling  in  a 
direction  about  20°  30°  from  the  range  direction.  Theoretical 
considerations  suggest  that  range-traveling  waves  give  opti¬ 
mum  patterns  on  synthetic  aperture  radar  images  [ Shuchman 
and  Zelenka,  1978).  The  radar  image  in  Figure  1  shows  ocean 
waves  near  shore,  the  areas  of  radar  image  analysis,  and  the 
locations  of  the  reference  instruments.  Since  the  waves  in  the 
areas  of  radar  analysis  appear  to  be  similar  to  those  at  the  lo¬ 
cations  of  the  reference  instruments,  comparison  of  the  results 
is  considered  to  be  appropriate. 

An  image  film  was  obtained  from  the  radar  signal  him 
through  an  optical  Fourier  transform  ( Shuchman  and  Zelenka, 
!978|.  Measurements  of  the  optical  transmissivity  of  the  image 
film  over  the  areas  marked  in  Figure  I  produced  sets  of  digital 
data.  An  ofTset  weighted  filter  was  used  to  correct  for  the  dis¬ 
tortion  resulting  from  the  slant  range-ground  range  difference. 

Two-dimensional  Fourier  transforms  of  geometry -corrected 
digital  data  were  calculated  by  a  fast  Fourier  transform  tech¬ 
nique  after  the  method  of  Rahiner  and  Gold  \  1975].  According 
to  this  method  the  transforms  are  given  by 

n*„*2)«  £  £  /Ue* (I) 

m  a 

where  k ,  and  k2  are  orthogonal  components  of  wave  number 
k,  k,!  +  k,!  -  k,  k  •  2 ir/L,  L  is  the  wavelength,  and  each  Am„ 


is  the  optical  transmissivity  at  an  image  location.  Wave  num¬ 
ber  spectra  were  obtained  with 

S(k„  k2)  =  | F<*„  *2)|7<AA,  A*2)  (2) 

The  propagation  of  waves  while  they  are  being  scanned  by 
a  moving  sensor  may  introduce  a  significant  distonion  into 
the  record.  The  effects  of  wave  motion  on  spectra  derived 
from  several  types  of  measurements  were  examined  by  Long 
[1979].  The  wind  caused  a  lateral  motion  of  the  aircraft,  but  its 
effect  on  the  results  of  the  radar  measurements  was  negligible 
in  the  present  experiment.  Under  these  conditions.  Long's 
equations  show  that  each  component  of  the  spectrum  is 
shifted  aft  by  a  distance 

A*,  =  -k  •  (c/v)  (3) 

where  c  is  the  phase  speed  of  the  waves  at  that  wave  number 
and  water  depth  and  v  is  the  aircraft  speed.  The  change  in  the 
wave  number  of  an  estimate  causes  a  change  in  the  density  of 
that  estimate  given  by 

AS/S  =  [(c/v)  cos  a  (4) 
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Fig.  3.  Calculations  from  radar  data  (heavy  solid  curves)  com¬ 
pared  with  those  from  reference  instruments,  (a)  Cosine  spread  ex¬ 
ponent  factor  P(J).  (A)  Mean  direction  £(/),  same  instrument  designa¬ 
tion  as  below,  (c)  Wave  height  spectrum  from  pitch-roll  buoy  acceler¬ 
ation  (light  solid  curve),  peak  at  I  73  m!/Ht  orbital  velocity  spectrum 
from  sea  sled  (dashed  curve),  peak  value  is  1.30  cm2  s"J  Hz’1:  and 
surface  slope  spectrum  from  pitch-roll  buoy  till  (dotted  curve),  peak 
value  is  0.0127  rad2/Hz. 
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where  a  is  the  angle  between  aircraft  and  wave  propagation 
directions.  These  two  effects  were  removed  prior  to  further 
calculation. 

One-dimensional  wave  number  spectra  were  calculated 
with 

17*# 

-S(Ar)  -  X  S(k,  $.)k&6  (5) 

A- I 

where  S(k,  9„)  =  S(k{,  k2)  with  k ,  *  k  sin  9„  k2  =  A:  cos  9„  6 „ 
=  9„  i  +  M.  and  S9  «  1°.  The  initial  values  of  9,  were  se¬ 
lected  in  order  to  include  those  portions  of  the  two-dimen¬ 
sional  spectra  that  occurred  within  90°  of  selected  dominant 
wave  directions. 

Frequency  spectra  were  obtained  from  wave  number 
spectra  by  using  the  transformation 

S(f)  -  S(k)  A*/A/  (6) 

where  A k  and  A/  are  the  differences  between  the  boundaries 
of  spectrum  estimates.  More  stable  spectra  were  obtained  by 
combining  the  results  of  15  adjacent  squares  in  each  image. 
The  amplitudes  of  these  spectra  were  normalized  with  respect 
to  those  of  the  reference  spectra  at  the  peak  frequencies. 

Directional  properties  of  the  waves  recorded  by  the  radar 
were  examined  following  the  approach  given  by  Longuet-Hig- 
gins  et  al.  |  1963).  For  each  value  of  /  evaluated,  the  first  two 
Fourier  harmonics  of  S(k,  9„)  were  calculated  by  direct  trans¬ 
formation  with 

a,  +  ib i  =  i  S  S{k.  9„)  cos  9„  +  X  S(k,  9„)  sin  0„  (7) 

a,  +  ib;  =  l  X  s<k-  9-)  cos  20„  +  \z,  £  S(k.  9.)  sin  2 9,  (8) 

where 

r=  £  s(k,9j 

o- 1 

A  smoothed  directional  distribution  function  was  calculated 
with 

G(9)  =  I  +  }  (a,  cos  9  +  b,  sin  9)  +  J  (a2  cos  29  +  b2  sin  29) 

(9) 

and  the  mean  direction  was  obtained  with 

9  -  tan~'(6,/a,)  (10) 

The  exponent  factor  of  a  cosine  fit  to  the  directional  distribu¬ 
tion  of  the  form 

E(9)  -  cos2"0  }(0  -  9)  (H) 

was  approximated  following  Mitsuyasu  et  at.  ( 1975J  with 

/»(/)=  1/(1  -  (a,2  +  -  I  (12) 


Reference  Wave  Measurements 

A  pitch-roll  buoy  similar  to  one  described  by  Longuet-Hig- 
gins  et  al.  ( 1 963)  was  operated  on  December  14,  1975,  in  ap¬ 
proximately  10-m  water  depth  at  the  location  shown  in  Figure 
I.  A  series  of  nine  consecutive  34-min  records  were  processed 
During  the  5  hours  of  measurement,  no  significant  changes  in 
the  wave  properties  were  found;  hence  the  data  were  com¬ 


bined  in  one  calculation.  Estimates  at  groups  of  adjacent  fre¬ 
quencies  were  averaged  to  produce  a  spectrum  with  more 
than  500  degrees  of  freedom.  The  filtered  acceleration  spec¬ 
trum  was  divided  by  the  radian  frequency  to  the  fourth  power 
to  give  a  wave  height  spectrum  [ Cartwright ,  1963]  The  sum  of 
the  pitch  spectrum  and  the  roll  spectrum  constituted  a  spec¬ 
trum  of  surface  slope.  Directional  Fourier  coefficients  of  the 
first  two  harmonics  were  calculated  as  given  by  Longuet-Hig- 
gins  el  al.  1 1 963]  and  elaborated  on  by  Cartwright  and  Smith 
(1964).  Directional  parameters  were  calculated  from  the  coef¬ 
ficients  as  was  done  in  the  previous  section  with  radar  mea¬ 
surements. 

A  sea  sled  provided  measurements  of  pressure  and  horizon¬ 
tal  water  velocity  components  at  a  height  of  I  m  above  the 
bottom  [ Teleki  el  al,  1975],  A  series  of  4J-min  records  at  dif¬ 
ferent  depths  was  used  to  generate  spectra  with  24  degrees  of 
freedom.  The  mean  water  velocity  varied  between  records, 
but  values  outside  the  surf  line  averaged  about  10  cm/s  to  the 
south.  A  wave  height  spectrum  was  obtained  from  the  8.2-m 
depth  pressure  spectrum  by  using  equations  for  linear  waves 
[Kinsman,  1965),  but  only  the  low-frequency  portion  of  this 
spectrum  is  considered  to  be  accurate.  The  sum  of  the  spectra 
of  the  two  velocity  components  in  that  record  was  taken  as  an 
orbital  velocity  spectrum  and  corrected  for  depth.  The  mean 
direction  9  at  each  frequency  was  calculated  from  the  spectra 
of  velocity  components  as  tan  1  (Sl(f)/S2(f))'/2. 

A  second  pressure  sensor  was  mounted  on  a  tower  in  shal¬ 
low  water  operated  through  the  University  of  Florida  (see 
Figure  I ).  A  combination  of  four  short  records  taken  during 
3{  hours  gave  a  pressure  spectrum  with  about  22  degrees  of 
freedom.  The  pressure  spectrum  was  converted  to  a  wave 
height  spectrum  as  described  above. 

A  Spectra  Physics  laser  profilometer  aboard  the  NASA  CV- 
990  aircraft  was  operated  farther  offshore.  Each  record  was 
processed  with  the  assumption  that  the  waves  traveled  in  deep 
water  in  a  single  direction  determined  from  the  corresponding 
radar  image  [see  Long,  1979],  Averages  of  spectra  of  con¬ 
tiguous  records  gave  56  and  98  degrees  of  freedom. 

Figure  2  shows  wave  height  spectra  obtained  from  con¬ 
current  records  from  three  of  the  reference  instruments,  and 
they  seem  to  be  in  good  agreement.  Wave  acceleration  be¬ 
comes  small  at  low  frequencies,  and  wave  height  spectra  de¬ 
rived  from  acceleration  records  are  less  accurate  in  that  fre¬ 
quency  region.  However,  pressure-derived  spectra  are  highly 
accurate  in  that  region.  The  combined  instruments  provide  an 
accurate  representation  of  the  wave  conditions  at  the  Marine- 
land  site. 


Comparisons  of  Wave  Height  Spectra 

A  normalized  one-dimensional  frequency  spectrum  dev  .cd 
from  the  radar  image  in  Figure  I  is  compared  in  Figure  3r 
with  corresponding  reference  spectra  of  wave  height,  orbital 
velocity,  and  surface  slope.  The  radar  spectrum  is  a  corrected 
version  of  that  presented  by  Shemdin  et  al.  1 1978a]  and  Teleki 
et  al.  (1978],  Figures  4a  and  4 h  contain  spectra  from  two  radar 
images  at  distances  of  90  and  30  km  from  shore  in  water 
depths  of  60  and  22  m,  respectively,  normalized  to  and  com¬ 
pared  with  wave  height  spectra  derived  from  the  laser  pro- 
filometer  data.  In  each  case  the  frequency  of  the  peak  of  the 
radar  spectrum  is  in  good  agreement  with  that  of  the  wave 
height  spectrum,  although  the  frequency  of  the  peak  changed 
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Fig.  4  Comparison  of  normalized  radar  spectra  (heavy  curves)  at 
depths  of  (a)  60  m  and  (A)  22  m  with  the  nearest  laser  profilometer 
wave  height  spectra  (light  curves).  E  is  variance  density. 

with  distance  offshore.  All  of  the  spectra  have  steep  slopes  at 
lower  frequencies. 

The  slope  of  the  high-frequency  portion  of  the  radar  spec¬ 
trum  in  Figure  3  is  much  different  from  the  same  region  of  the 
surface  slope  spectrum.  The  radar  slope  will  depend  on  the 
signal  transfer  function  relating  the  data  values  used  in  the 
spectrum  calculation  to  the  original  radar  signal  intensities. 
Since  the  photographic  stages  in  the  initial  signal  processing 
were  not  calibrated,  it  has  not  been  possible  to  determine  this 
relationship  accurately.  However,  the  difference  in  slope  b<. 
tween  the  radar  and  surface  slope  spectra  shows  that  the  pres¬ 
ent  radar  images  of  large  waves  did  not  result  predominantly 
from  the  slopes  of  those  waves.  Such  a  result  might  be  ex¬ 
pected  with  the  large  depression  angles  of  the  radar  beam  that 


were  used.  Although  the  high-frequency  portion  of  the  radar 
spectrum  in  Figure  3  lies  between  the  spectra  of  wave  height 
and  of  orbital  velocity,  the  high-frequency  pans  of  ihe  radar 
spectra  in  Figure  4  do  not  show  a  consistent  relationship  with 
the  reference  spectra.  Nevertheless,  the  slope  of  this  region  of 
a  radar  spectrum  generally  does  lie  close  to  that  of  the  wave 
height  or  orbital  velocity  spectrum,  which  suggests  that  a  de¬ 
pendence  on  some  aspect  of  the  wave  spectrum  exists 

A  few  limited  studies  of  the  slopes  oflhe  high-frequency  re¬ 
gions  of  radar  wave  spectra  have  been  reported  in  the  litera¬ 
ture.  In  an  early  experiment,  Myers  |I958|  compared  spectra 
from  vertically  and  horizontally  polarized  radar  power  signals 
with  a  wave  height  spectrum  from  a  wave  gage.  The  slopes  in 
the  high-frequency  regions  of  the  radar  spectra  varied  consid¬ 
erably.  in  general,  however,  the  vertically  polarized  radar 
spectra  tended  to  lie  close  to  the  reference  spectra,  but  the 
high-frequency  portions  of  the  horizontally  polarized  radar 
spectra  decreased  at  a  rate  less  steep  than  that  of  the  refer¬ 
ence.  Z amarayev  and  Kalmykov  |1%9)  considered  that  their 
nonscanned  radar  signals  at  a  shallow  depression  angle  repre¬ 
sented  the  slopes  of  water  waves  traveling  in  one  direction.  A 
wave  height  spectrum  derived  from  the  radar  matched  a  refer¬ 
ence  spectrum  and  supported  their  assumption  of  wave  slope 
effects. 

A  single  sea  state  will  give  radar  wave  height  spectra  with 
different  high-frequency  slopes  under  different  operating  con¬ 
ditions.  The  different  conditions  can  call  into  play  different 
mechanisms  of  radar  response  by  ocean  waves  to  much  differ¬ 
ent  extents.  Within  the  range  of  variability  that  the  differences 
between  mechanisms  introduce,  the  present  wave  height  spec¬ 
trum  comparisons  are  considered  to  be  consistent  with  the 
previous  studies.  However,  the  present  spectra  appear  not  to 
have  been  produced  by  a  single  mechanism,  and  ihe  present 
limited  comparison  has  not  evaluated  the  mechanisms  of  ra¬ 
dar  return  acting  under  these  conditions 

Wavf  Direction  Mtasuremenis 

Since  the  pitch-roll  buoy  cannot  give  directional  spectra 
E(9)  directly,  results  from  the  buoy  may  be  examined  only 
with  respect  to  directional  wave  models  that  are  fit  to  the  data. 
Two  separate  models  are  used:  one  derived  from  the  pairs  of 
coefficients  of  the  first  two  harmonics  of  a  directional  Fourier 
transform  (7(0)  (Equation  (9))  and  one  consisting  of  a  cosine 
power  function  P{i)  (Equation  (II)).  For  comparison  with  the 
buoy  results,  then,  the  radar  data  were  calculated  in  terms  of 
these  two  directional  spread  models. 

In  Figure  3 b  the  mean  wave  directions  <?(/)  derived  from  the 
radar  image  in  Figure  I  through  a  partial  directional  Fourier 
transform  (equations  (7)  and  ( 10))  are  compared  with  the  cor¬ 
responding  values  from  the  buoy  and  from  the  sea  sled.  The 
values  from  the  different  instruments  are  close  at  those  fre¬ 
quencies  where  significant  wave  energy  is  shown  in  Figure  3c. 
At  other  frequencies,  however,  none  of  the  three  curves  agree 
closely. 

In  Figure  3a  the  cosine  power  fit  value  P{ I )  (Equation  (ID) 
from  the  radar  is  in  approximate  agreement  with  the  values 
from  the  buoy.  The  difference  between  the  maximum  values 
of  18  from  the  buoy  and  12  from  the  radar  may  be  attributed 
to  a  background  noise  in  the  radar  data.  Also,  the  directional 
spectrum  O'(0)  at  0.125  Hz  reconstituted  with  Fourier  coeffi¬ 
cients  from  radar  data  near  shore  is  in  good  agreement  with 
the  corresponding  spectrum  from  the  buoy  (Figure  5).  These 
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Fig.  5  Directional  distribution  of  wave  energy.  The  function  G{8) 
at  0. 1 25  Hz  was  derived  from  the  buoy  (light  solid  curve)  at  10-m 
depth  and  from  the  radar  (dotted  curve)  at  14-m  depth.  E  (dashed 
curve)  was  calculated  from  P  (0. 125  Hz)  derived  from  the  buoy.  The 
normalized  energy  distribution  from  the  radar  two-dimensional  spec¬ 
trum  S{k.  8n )  =  E  (heavy  solid  curve),  with  the  value  of  k  for  a  fre¬ 
quency  of  0.125  Hz,  is  shown  for  comparison. 

comparisons  demonstrate  that  radar  can  furnish  directional 
distribution  measurements  of  ocean  waves  equivalent  to  those 
from  a  buoy.  In  addition,  to  the  extent  that  the  two  wave  di¬ 
rection  models  that  were  used  represent  the  ocean  wave  held 
the  radar  and  the  buoy  appear  to  have  recorded  the  waves 
similarly  Shuchmart  and  Zelenka  [1978)  describe  a  possible 
directional  variation  in  the  transfer  function  relating  radar 
measurements  to  ocean  waves  that  would  give  an  emphasis  to 
waves  traveling  in  the  range  direction.  The  comparisons  in¬ 
dicate  that  such  a  directional  variation  must  not  have  been 
great  in  the  present  radar  measurements.  Further  evidence  of 
the  small  directional  variation  of  the  transfer  function  in  these 
radar  data  results  from  the  observation  that  the  radar  direc¬ 
tional  spectra  E{6)  in  Figures  5  and  6  are  approximately  sym¬ 
metrical  even  though  the  peaks  of  the  directional  spectra  were 
20° -30°  from  the  range  direction. 

The  spread  of  a  directional  wave  spectrum  at  one  frequency 
may  be  characterized  by  a  one-half  power  width  representing 
the  difference  between  the  directions  at  which  the  energy  den¬ 
sity  is  one  half  of  the  maximum.  Since  the  quantity  P{f)  com¬ 
monly  is  given  as  a  representation  of  a  directional  spectrum  of 
ocean  waves,  it  might  be  expected  that  a  one-half  power  width 
calculated  with  a  value  of  P{f)  from  the  buoy  would  match 
the  width  observed  directly  from  the  radar  spectrum.  How¬ 
ever,  the  maximum  value  of  /*(/)  from  the  buoy  gives  a  width 
of  45°  in  F  igure  5,  while  the  radar  peak  E{6)  shows  a  width  of 
30°.  That  this  difference  may  result  from  the  procedure  for 
calculating  P(f)  is  suggested  by  the  calculation  of  a  width  of 
55°  with  a  value  of  P(f)  derived  from  the  same  radar  data  that 
show  the  30°  width  in  Figure  5.  These  greater  widths  of  the 
fitted  models  are  ascribed  to  the  differences  between  the  pos¬ 
sible  shapes  of  the  two  directional  models  and  the  actual  wave 
directional  spectrum.  In  particular,  it  appears  that  with  nar¬ 
row  peaks  the  energy  density  at  directions  much  different 
from  the  direction  of  the  maximum  can  modify  the  value  of 
P(f )  significantly.  As  a  result  the  present  observations  provide 
an  example  in  which  the  model-fitting  techniques  used  for 
analysis  of  buoy  data  cannot  fully  describe  the  directional 
wave  spectrum.  In  addition,  the  radar  measurements  allow  a 
significantly  greater  directional  resolution  than  do  the  buoy 
observations. 
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Directional  properties  of  waves  on  the  open  ocean  have 
been  examined  through  buoy  measurements  in  some  previous 
studies.  The  directional  widths  varied  with  the  state  of  devel¬ 
opment  of  the  waves,  but  the  widths  were  more  consistent  in  a 
generating  area  than  elsewhere  and  had  minimum  values  at 
the  frequencies  of  maximum  wave  energy.  Maximum  values 
of  P([)  have  been  reported  for  waves  in  a  generating  area  in 
several  of  those  studies:  approximately  7  [Longuet- Higgins  el 
al.,  I963|,  13  [Cartwright.  1963],  16  | Ewing.  1969),  and  mostly 
less  than  15  [Miisuya.iu  et  al..  1975).  The  present  buoy  data 
yield  a  maximum  value  of  P(/ )  of  18.  Although  the  buoy  mea¬ 
surements  were  obtained  outside  the  wave-generating  area,  in 
shallow  water,  and  near  a  shore,  the  radar  directional  distri¬ 
butions  in  Figure  6  show  that  the  waves  farther  offshore  and 
in  the  generating  area  also  had  narrow  directional  peaks.  The 
narrow  directional  spectrum  of  waves  shown  by  the  radar  can 
be  understood  only  if  either  the  buoy  techniques  do  not  fully 
describe  the  narrowness  of  wave  directional  spectra  or  the 
waves  in  the  present  study  for  some  reason  have  a  unique  di¬ 
rectional  structure.  Tayfun  et  al.  1 1 976)  calculated  changes  in 
the  waves  having  a  broad  directional  spectrum  when  they  en¬ 
countered  a  transverse  current.  The  changes  led  to  a  sharp 
peak  in  the  directional  distribution.  Satellite  infrared  observa¬ 
tions  show  that  the  Gulf  Stream  was  east  of  the  locations  of 
the  present  measurements  [  Weinman  et  al..  this  issue].  If.  in¬ 
deed.  waves  in  a  generating  area  have  a  wide  spread,  it  seems 
possible  that  the  narrowness  of  the  directional  spectrum  of  the 
deepwater  waves  in  Figure  6  should  be  attributed  to  refraction 
by  an  ocean  current. 

Tyler  et  al.  ( 1 974)  obtained  directional  spectra  of  waves  on 
the  open  ocean  with  a  different  synthetic  aperture  radar  tech¬ 
nique  and  examined  the  fine  structure  within  their  broad  di¬ 
rectional  distributions.  A  particular  lobe  of  energy  within  one 
range  bin  was  not  found  to  occur  at  a  later  lime  in  the  appro¬ 
priate  different  range  bin.  In  the  data  of  Figure  6  the  60-m 
depth  plot  shows  a  minor  lobe  of  wave  energy  propagating  at 
about  30°  to  the  right  of  the  main  peak,  and  this  lobe  is  also 
apparent  on  the  22-m  depth  plot.  Although  the  second  lobe  is 


8,  deg 


Fig  6.  Directional  distribution  of  wave  energy  at  0  125  Hz  from 
radar  observations  al  depths  of  60  m  (heavy  solid  curve).  22  m 
(dashed  curve),  and  14  m  (light  solid  curve)  Amplitudes  were  ad¬ 
justed  to  give  the  same  energy  al  each  peak 
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not  distinguishable  from  the  main  lobe  nearer  the  shore,  the 
occurrence  of  the  second  lobe  at  two  locations  60  km  apart 
suggests  that  it  is  not  a  random  variation  in  the  data.  The  abil¬ 
ity  of  the  present  radar  images  to  show  wave  trains  at  the 
same  frequency  but  traveling  in  different  directions  is  an  im¬ 
provement  over  the  performance  of  other  wave-recording  in¬ 
struments. 

The  directional  spectra  at  0.125  Hz  from  the  radar  image 
near  shore  were  averaged  at  three  different  depths  of  water 
and  are  shown  in  Figure  7.  The  spectral  amplitudes  were  not 
normalized.  The  energy  distribution  in  the  shallowest  water 
was  the  narrowest,  with  a  peak  value  30%  greater  than  the 
peak  value  in  the  deepest  water.  In  contrast,  the  small  amount 
of  wave  energy  traveling  more  than  45°  from  the  shoreward 
direction  of  250°  averaged  about  30%  less  in  the  shallowest 
water  than  in  the  deepest  water.  The  decrease  is  attributed  to 
the  turning  of  waves  traveling  largely  along  the  coast  toward 
the  shore.  The  opposite  directions  of  the  two  differences  above 
cannot  both  be  attributed  to  the  methods  of  radar  image  for¬ 
mation  or  data  processing,  and  the  changes  with  depth  appear 
to  represent  the  effects  of  bottom  refraction.  The  changes  in 
mean  direction  shown  in  Figures  6  and  7  are  not  examined  in 
this  study. 

The  directional  spreads  of  wave  energy  as  indicated  by  P([) 
derived  from  three  radar  images  at  locations  across  the  conti¬ 
nental  shelf  are  shown  in  Figure  8.  There  was  insufficient 
wave  energy  at  frequencies  less  than  0.07  Hz  to  allow  inter¬ 
pretation  of  the  spread  calculations.  Waves  with  frequencies 
greater  than  0.14  Hz  propagated  mostly  in  deep  water,  and  the 
spread  did  not  change  greatly  across  the  shelf,  except  that 
waves  in  the  lower  frequencies  show  a  narrower  spread  at  a 
depth  of  14  m.  Since  the  water  depths  there  were  about  0.2 
times  the  deepwater  wavelength,  the  change  may  be  attrib¬ 
uted  to  bottom  refraction. 

In  contrast  to  the  directional  narrowing  near  shore  the 
waves  with  frequencies  of  0.07-0.14  Hz  show  an  increase  in 
directional  spread  between  depths  of  60  and  22  m.  The  water 
depth  varies  from  0.07  to  0.75  times  the  deepwater  length  of 
these  waves.  It  has  been  recognized  that  waves  traveling  in 
shallow  water  can  be  scattered  in  direction  by  irregularities  in 
the  bottom.  Oakley  and  Leverette  [1979]  calculated  that  under 
possibly  similar  conditions  of  relative  water  depth  and  bottom 
roughness  a  narrow  distribution  in  wave  direction  would  be 
widened  and  the  peak  value  would  be  reduced  in  energy  by 
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Fig  7.  Directional  distribution  of  wave  energy  at  0.125  Hz.  at 
depths  of  16  m  (heavy  solid  curve),  14  m  (dashed  curve),  and  12  m 
(light  solid  curve)  in  a  single  radar  image.  The  amplitudes  were  nol 
adjusted  in  this  figure  The  direction  toward  the  shore  was  250°. 
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Fig  8.  Cosine  spreading  exponent  P(f)  from  radar  observations  at 
depths  of  60  m  (heavy  solid  curve),  22  m  (dashed  curve),  and  14  m 
(light  solid  curve).  The  maximum  value  of  the  14-m  plot  (off  scale)  is 
12. 

one  half  because  of  bottom  scattering  while  traveling  only 
12.5  km.  The  distance  between  the  present  radar  images  at  60- 
and  22-m  depths  is  60  km,  and  it  appears  that  the  widening  of 
the  directional  spread  of  these  waves  might  be  attributed  to 
bottom  scattering.  In  addition,  a  comparison  of  Figures  3c 
and  4a  shows  that  only  10%  of  the  wave  energy  at  0.08  Hz  sur¬ 
vived  the  passage  across  the  continental  shelf.  Long  ( 1973] 
predicted  that  a  scattering  in  direction  of  waves  by  bottom  ir¬ 
regularities  would  eventually  cause  some  energy  to  be  scat¬ 
tered  into  an  offshore  direction  and  lead  to  a  decrease  in  en¬ 
ergy  near  shore.  These  data  could  be  an  observation  of  that 
effect.  Other  possible  causes  of  the  decrease  in  wave  energy 
were  discussed  by  Hayes  1 1977]  and  by  Shemdin  el  al.  [19786], 

Conclusions 

Radar  images  of  ocean  waves  gave  values  for  the  frequency 
and  mean  direction  of  the  dominant  waves  in  good  agreement 
with  reference  measurements,  although  no  wave  height  mea¬ 
surements  from  the  radar  were  possible.  An  original  goal  of 
the  Marineland  experiment  was  to  determine  the  mechanism 
of  formation  of  radar  patterns  representing  ocean  waves  by 
comparison  with  surface  measurements  \Shemdin  et  al..  1975]. 
The  determination  was  to  be  accomplished  in  part  through 
comparison  of  the  high-frequency  slopes  of  the  different 
spectra.  Although  the  comparison  showed  that  the  effect  of 
wave  slopes  was  not  the  dominant  mechanism  of  image  for¬ 
mation  under  the  present  conditions,  these  data  did  net  allow 
the  mechanism  to  be  specified  further. 

When  the  radar  data  were  calculated  in  a  manner  parallel 
to  that  used  for  the  buoy  data,  they  gave  a  directional  spec¬ 
trum  close  to  that  from  the  buoy,  except  that  the  directions 
from  the  radar  contained  a  180°  ambiguity.  However,  (he  ra¬ 
dar  directional  distribution  calculated  directly  had  a  peak 
much  narrower  than  the  peaks  from  the  fitted  models  and 
showed  the  high  directional  resolution  of  the  radar.  This  reso- 
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lution  was  apparent  in  two  radar  directional  spectra  that  con¬ 
tained  peaks  in  two  different  directions  at  a  single  frequency. 

The  differences  between  the  fitted  models  and  a  directly 
calculated  radar  directional  spectrum  raises  a  possible  ques¬ 
tion  as  to  the  appropriateness  of  current  models  in  describing 
a  directional  distribution  of  waves  on  the  open  ocean.  The 
present  observations  do  not  answer  this  question,  but  if  pre¬ 
vious  measurements  with  fitted  models  do  apply  to  unaltered 
ocean  waves,  the  directional  distribution  of  deepwater  waves 
observed  here  may  have  been  made  narrower  by  a  transverse 
ocean  current.  Waves  in  shallow  water  showed  further  direc¬ 
tional  narrowing  that  resulted  from  bottom  refraction.  The 
narrow  directional  distribution  of  a  swell  offshore  became 
much  wider  as  it  traversed  the  continental  shelf  in  relatively 
shallow  water,  apparently  as  a  result  of  bottom  scattering,  and 
only  a  small  fraction  of  its  energy  reached  the  coast. 

The  present  observations  strongly  support  the  expectation 
that  airborne  radar  accompanied  by  an  independent  airborne 
means  of  obtaining  absolute  wave  height  information  (such  as 
a  pulsed  radar  altimeter  or  a  laser  profilometer  that  measures 
a  one-dimensional  wave  height  spectrum)  can  give  complete 
two-dimensional  spectra  of  ocean  waves.  These  spectra  could 
be  obtained  at  a  number  of  different  locations  nearly  synopti- 
cally  in  a  manner  that  seldom  would  be  possible  with  in  situ 
instrumentation. 
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ABSTRACT 


Synthetic  Aperture  Radar  (SAR)  data  collected  both  from 
satellite  and  aircraft  systems  have  been  shown  to  be  useful 
in  observing  coastal  zone  conditions.  Coastal  zone  condi¬ 
tions  observed  by  SAR  include:  gravity  wave  detection  (re¬ 
fraction  and  diffraction  effects),  surf  zone  location,  sur¬ 
face  currents,  and  long-period  "surf  beats".  Incident 
storm  generated  waves  and  the  resulting  near  shore  circula¬ 
tion  within  the  active  surf  zone  were  concurrently  observed 
with  both  an  in-s i tu  sensing  array  as  well  as  with  airborne 
SAR.  Algorithms  have  been  developed  to  determine  signifi¬ 
cant  wave  and  current  parameters  from  the  sea  surface  back- 
scatter  of  microwave  energy.  These  algorithms  have  been 
successfully  tested  and  are  compared  with  wave  and  current 
observations  derived  from  a  hake  Michigan  sensing  array. 

Incident  wave  spectra  calculated  from  the  SAR  information 
agreed  well  with  observed  near  shore  spectra.  Both  the 
dominant  incident  wind  wave  components  as  well  as  long- 
period  near  shore  wave  phenomena  were  correctly  identified. 

Use  of  the  Doppler  information  obtained  from  the  SAR  opti¬ 
cal  correlator  allows  a  rough  estimation  of  near  shore  sur¬ 
face  flow  velocities.  These  estimates  of  the  motion  of  the 
scattering  surface  were  in  reasonable  agreement  with  both 
theory  and  in-situ  field  observations.  SEASAT  SAR  data 
collected  off  the  coast  of  Scotland  and  Cape  Hatteras, 

North  Carolina,  was  also  analyzed  with  respect  to  the  iden¬ 
tification  of  gravity  waves  as  they  propagated  toward 
shore.  Classical  wave  refraction  was  documented  on  the  Cape 
Hatteras  data.  The  Scotland  SAR  data  exhibited  a  calculated 
11. 6-second  swell  pattern  that  could  not  be  explained 
through  wave  refraction  and  bottom  topography  effects. 

Instead  the  wave  patterns  observed  were  shown  to  result  from 
diffraction  caused  by  an  island  approximately  30  km  outside 
the  SAR  pass.  To  further  demonstrate  the  ability  of  SAR  for 
coastal  remote  sensing,  the  radar  wave  data  was  reduced 
using  refraction  and  wavelength  comparison  methods  to  ex¬ 
tract  depth  information.  This  depth  information  was  com¬ 
pared  to  bathymetry  charts.  The  results  demonstrated  the 
utility  of  SAR  in  providing  measurements  concernino  shallow 
water  transformations  of  surface  wind  waves  and  swell  as 
well  as  updates  of  bathymetric  charts  of  coastal  areas. 

INTRODUCTION 

Recently  Synthetic  Aperture  Radar  (SAR)  data  of  coastal  waters  has  been 
collected  and  analyzed.  Near  shore  conditions  observed  by  SAR  have  included 
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gravity  wave  detection  (refraction  and  diffraction  effects),  surf  zone  loca¬ 
tion,  surface  currents,  and  long-period  surf  beats-  This  paper  discusses  two 
SAR  coastal  zone  studies.  The  first  study  utilized  x-band  (3  cm)  synthetic 
aperture  radar  data  collected  by  aircraft  over  an  instrumented  site  in  Lake 
Michigan,  while  the  second  reports  an  analysis  of  SEASAT  SAR  satellite  data 
collected  over  Cape  Hatteras,  North  Carolina  and  Cape  Wrath,  Scotland. 

In  the  Lake  Michigan  study,  incident  storm  generated  waves  and  the  result¬ 
ing  near  shore  circulation  within  the  active  surf  zone  were  concurrently  ob¬ 
served  with  both  an  in- s i tu  sensing  array  as  well  as  airborne  PAR.  The  Lake 
Michigan  experiment  demonstrated  SAR's  ability  to  sense  the  incident  wave 
spectra,  location  of  the  surf  zone,  surf  beats,  and  provide  an  estimation  of 
the  magnitude  ana  direction  of  the  longshore  current. 

The  SEASAT  SAR  data  collected  off  Cape  Hatteras,  North  Carolina  and  Cape 
Wrath,  Scotland  were  used  to  study  coastal  gravity  waves  as  they  undergo  re¬ 
fraction  and  diffraction.  To  further  demonstrate  the  potential  of  SAR  for 
coastal  remote  sensing,  the  SEASAT  radar  wave  data  were  reduced  using  refrac¬ 
tion  anc  wavelength  comparison  methods  to  extract  the  depth  of  the  water 
column . 


BACKGROUND 

Synthetic  Aperture  Radar  (SAR)  is  an  active  imaging  device  that  senses 
the  environment  with  short  electromagnetic  waves.  As  active  sensors,  radars 
provide  their  own  illumination  in  the  microwave  region  of  the  electromagnetic 
spectrum  and  thus  are  not  affected  by  diurnal  changes  in  emitted  or  reflected 
radiation  from  the  earth's  surface.  Additionally  SAR's  have  the  recognized 
advantage  of  being  anle  to  image  the  earth's  surface  independent  of  weather 
conditions  and  to  provide  synoptic  views  of  the  ocean  at  high  resolution. 

Most  radars  operate  in  the  frequency  region  of  300  MHz  (1  m)  to  30  GHz  (1  cm), 
and  banawidths  within  this  region  are  commonly  designated  by  letters.  SAR's 
discussed  in  this  paper  are  designated  as  L-band  (23.1  cm)  or  X-band  (3.2  cm). 

Synthetic  Aperture  Radar  is  a  coherent  airborne  or  spaceborne  radar  that 
uses  the  motion  of  a  moderately  broad  physical  antenna  beam  to  synthesize  a 
very  narrow  beam  thus  providing  fine  azimuthal  (along-track)  resolution  (Brown 
and  Porcello,  19*38;  Harger ,  1970).  Fine  range  (cross-track )  resolution  is 
achieved  by  transmitting  either  very  short  pulses  or  longer  coded  pulses  which 
are  compressed  by  matched-filtering  techniques  into  eauivalent  short  pulses. 
Usually,  the  coded  pulse  is  a  waveform  linearly  modulated  in  frequency. 

Typically,  the  phase  history  of  a  scattering  point  in  the  scene  is  re¬ 
corded  on  photographic  film  as  an  anamorphic  (astigmatic)  Fresnel  zone  plate. 
The  parameters  of  the  zone  plate  are  set  in  the  azimuth  direction  by  the 
Doppler  frequencies  produced  by  the  relative  motion  between  the  sensor  and 
the  point  scatterer ,  and  in  the  range  direction  by  the  structure  of  the  trans¬ 
mitted  pulses.  The  fi  i  image  is  a  collection  of  superimposed  zone  plates 
representing  the  collection  of  point  scatterers  in  the  scene.  This  film  is 
used  by  a  coherent  optical  processor  which  focuses  the  anamorphic  zone  plates 
into  the  points  which  produced  the  microwave  scatter  of  the  scene  (Kozma,  et 
al.,  1972).  Recently,  SAR  processing  has  employed  digital  techniques. 

LAKE  MICHIGAN  STUDY 

On  18  October  1978  at  approximately  16:35  EST,  SAR  data  was  collected 
along  the  shoreline  of  Lake  Michigan  centered  at  latitude  43°50'N.  The  site 
for  this  field  experiment  was  the  eastern  shore  of  Lake  Michigan,  between  the 
cities  of  Luaington  and  Pentwater,  Michigan  (see  Figure  1).  This  thirteen- 
kilometer  section  of  shoreline,  extending  approximately  north-south,  is  char¬ 
acterized  by  a  multiple-barred  bathymetry  with  nearly  straight  and  parallel 
contours.  The  SAR  system  used  to  collect  the  data  was  the  ERIM  X-  and  L-band 
dua 1 -polar ized  imaging  radar  described  by  Rawson ,  et  al.  (1975).  The  FRIV 
SAR  system  records  four  channel  return  but  we  will  focus  our  attention  here 
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on  the  X-band  hor izon tal- tr ansmi t-hor rzon tal-rece ive  channel  as  this  data  pro¬ 
vided  the  clearest  wave  images.  The  SAR  was  flown  at  an  altitude  of  6100  m 
and  operated  with  an  incident  angle  from  the  vertical  of  20°,  yielding  a  swath 
width  of  5.6  km.  The  cross-track  or  range  resolution  of  SAR  is  limited  by 
radar  frequency  and  is  about  2  m  for  X-band.  A  sample  of  the  X-band  imagery 
showing  the  location  of  the  coastal  array  (letter  A  in  Figure  1)  is  shown  in 
Figure  2. 

At  the  same  time  as  the  radar  flight,  the  University  of  Michigan,  Depart¬ 
ment  of  Atmospheric  and  Oceanic  Science  was  operating  its  mobile  surf  zone, 
wave  and  current  sensing  array  (Meadows,  1979).  Monitoring  of  incident  wave 
characteristics  and  longshore  current  velocities  was  conducted  through  the 
growth  of  a  storm  on  t.ake  Michigan.  A  detailed  discussion  of  the  experimental 
design  is  presented  in  Wood  and  Meadows  (1975)  and  Meadows  (1977).  Surface- 
piercing,  step  resistance  wave  probes  and  bi-directional  ducted  impeller  flow 
meters  were  employed  to  make  simultaneous  measurements  of  wave  and  current 
conditions.  These  sensors  were  oriented  on  a  line  perpendicular  to  shore, 
extending  from  the  beach  through  the  outer  surf  zone.  Other  coastal  sensing 
equipment  included  a  directionally  mounted  motion  picture  camera  and 
Lagrangian  drifters.  A  representative  portion  of  the  18-minute  record  from 
the  outer  surf  zone  resistance  wave  qauge  is  shown  in  Figure  3. 

The  SAR  data  shown  in  Figure  2  was  digitized  using  the  ERIM  hybrid  image/ 
digitizer  (Ausherman,  1975).  The  data  was  digitized  with  an  approxi.ma te  reso¬ 
lution  of  6  meters  (3  m  pixels).  The  range  coordinates  of  the  digitized  data 
were  analytically  corrected  for  slant-to-range  geometry  (Feldkamp,  1978) . 

Four  1.5  x  1.5  km  subsections  (see  Figure  1)  with  6  meter  resolution  were  ex¬ 
tracted  from  the  digitized  data.  The  four  sections  are  labeled  A-D  where  A 
is  closest  to  shore. 

The  3.0  m  pixel  digitized  SAR  images  were  converted  to  6  m  resolution  by 
4  pixel  averaging  in  order  to  increase  coherence  in  the  image.  The  average 
value  of  each  azimuthal  line  was  subtracted  from  the  line  to  remove  the  trend 
of  intensity  falloff  with  increasing  range  distance.  Two-dimensional  fast 
Fourier  transforms  were  performed  on  each  256  x  256  cell  subsection  to  yield 
raw  directional  wave  number  spectra  with  a  Nyquist  wave  number  of  0.52  m~l. 

The  raw  spectra  were  smoothed  by  replacing  each  value  with  the  average  of  the 
surrounding  5x5  cell. 

The  longshore  current  magnitude  and  directional  information  was  extracted 
from  the  SAR  data  by  exploitation  of  the  SAR  Doppler  history  (Shuchman,  et 
al.,  1979).  This  technique  takes  advantage  of  the  fact  that  the  SAR  instru¬ 
ment  responds  primarily  to  backscatter  from  capillary  waves,  which,  in  conven¬ 
tional  SAR  processing,  are  assumed  stationary  with  respect  to  other  time 
scales  of  the  radar  system.  However,  these  scatterers  are  not  stationary, 
they  move  with  a  character istic  phase  velocity  as  well  as  with  velocities  due 
to  the  presence  of  currents  and  longer  gravity  waves.  The  radial  (line  of 
sight)  component  of  this  resultant  velocity  produces  a  Doppler  shift  in  the 
temporal  frequency  of  the  return  signal,  which  translates  to  a  spatial  fre¬ 
quency  shift  recorded  on  SAR  signal  film. 

The  Doppler  frequency  shift  ( A f D )  for  a  moving  target  relative  to  a  sta¬ 
tionary  target  in  a  SAR  system  is 

2vr 

=  IT'  (1) 

where  Vr  =  radial  component  of  target  velocity,  and 
A  *  transmitted  radar  wavelength 

This  temporal  frequency  shift  will  produce  an  azimuth  spatial  frequency  shift 
of 
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on  the  SAR  signal  film,  where  P  =  azimuth  packing  factor,  and  =  aircraft 
velocity . 


Equations  1  and  2  can  be  combined  to  relate  radial  target  velocity  to 
Doppler  spectrum  shift: 

t  £'AV„ 
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Typical  values  for  X  ,  V^,  and  p  for  the  imaging  of  the  lake  Michigan  data 
are  0.032  m,  109  m/s,  and  15,000  respectively.  This  relationship  can  be  used 
to  measure  the  average  radial  velocity  component  of  an  ocean-wave  scattering 
field  relative  to  a  fixed-land  scattering  field.  A  shift  in  the  azimuth  spa¬ 
tial  frequency  spectrum  between  fixed-land  and  moving-ocean  surfaces  yields 
an  estimate  for  Af'.  Variations  in  spectrum  location  due  to  antenna  pointing 
may  be  eliminated  by  choosing  imagery  having  land  and  ocean  imaged 
simultaneously. 

To  calculate  the  wave  spectrum  at  the  instrumented  surf  zone  site,  the 
18-minute  analog  record  shown  in  Figure  2  was  digitized  at  0.25  second  inter¬ 
vals  and  analyzed  using  conventional  one-dimensional  fast  Fourier  transform 
techniques.  The  directional  information  was  obtained  by  utilizing  data  from 
the  directionally  mounted  camera.  The  current  information  was  obtained  by 
again  using  the  directionally  mounted  camera  but  this  time  photographing  the 
Lagrangian  drifters  since,  by  the  time  of  the  radar  overflight,  the  last  cur¬ 
rent  meter  station  had  been  destroyed. 

Figure  4  represents  the  contour  plots  for  the  four  test  areas  (A-D)  ex¬ 
tracted  from  the  digitized  SAR  data.  Six  contour  levels  are  given  in  3  dB 
increments.  The  data  is  normalized  to  the  highest  value  found  within  the 
transform.  The  average  depth  for  each  of  1.5  x  1.5  km2  areas  are  indicated 
on  Figure  4.  Note  the  large  amount  of  low  frequency  energy  on  the  contours 
even  though  the  data  was  extensively  corrected  to  reduce  the  pc  bias.  The 
reason  for  these  low  frequency  components  will  be  discussed  later.  The  con¬ 
tour  data  presented  was  motion  corrected.  There  is  a  180°  ambiguity  in  wave 
direction  measured  by  SAR  which  was  resolved  by  assuming  the  waves  were  coming 
from  the  west  and  therefore  propagating  towards  the  shore. 

Close  inspection  of  the  contour  plots  indicates  dominant  wavelengths  of 
44,  46,  and  55  meters  have  been  resolved  by  the  spectral  analysis.  The  gen¬ 
eral  direction  of  wave  travel  in  the  near  shore  region  is  ^roximately 
30° (T).  Note  that  wave  refraction  can  be  observed  when  co  ina  the  direc¬ 
tion  of  Area  D  with  the  shallow  water  area,  A. 

It  is  important  to  remember  that  the  energy  spectrum  derived  from  SAR 
imagery  is  an  image  intensity  (hence,  wavelength  and  directional  information) 
spectrum  and  not  a  wave  height  spectrum.  The  relationship  between  SAP  imaae 
intensity  and  wave  height  is  still  being  investigated  (Jain,  1977  and 
Shuchman,  et  al.,  1979).  The  directional  spectrum  determined  from  resistance 
wave  gauge  data  is  a  true  wave  height  spectrum. 

Figure  5  is  a  scan  of  Doppler  history  for  stationary  land  and  the  surf 
zone.  Both  scans  used  a  1  x  1  km  aperture.  The  surf  zone  scan  was  centered 
approximately  650  meters  offshore.  Note  on  Figure  5  how  the  coastal  zone 
(water)  scan  is  displaced  to  the  left  of  the  stationary  (land)  target.  This 
indicates  a  radial  motion  away  from  the  radar.  Recall  from  Figure  2  that  the 
radar  was  traveling  with  a  heading  of  270°(T),  thus,  the  longshore  current 
sensed  by  the  radar  was  in  the  northward  direction.  The  Af*  frequency  change 
which  is  used  in  Fquation  3  is  indicated  on  Figure  5.  This  f'  is  corrected 
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for  a  bias  caused  by  the  laser  illumination  in  the  SAR  optical  processor.  A 
i  f 1  of  0.55  lp/mm  was  detected,  which  indicates  a  current  velocity  of  approxi¬ 
mately  0.5  m/sec. 

A  summary  of  the  in-situ  measured  incident  surf  zone  conditions  during 
the  SAR  overflight  is  presented  in  Table  1.  Wave  characteristics  were  ob¬ 
tained  by  statistical  analysis  of  the  18-minute  continuous  sea  surface  eleva¬ 
tion  record.  A  representative  portion  of  this  surface  piercing  wave  staff 
record  in  presented  in  Figure  2.  A  one-dimensional  wave  height  spectrum  of 
this  wave  height  data,  incident  at  the  outer  surf  zone,  is  shown  in  Figure  6. 
The  dominant  frequencies  resolved  by  the  spectral  analysis  are  indicated  on 
the  figure.  In  addition,  the  calculated  deep  water  wave  periods  and  wave¬ 
lengths  are  also  shown  on  the  figure  for  each  of  the  major  spectral  peaks. 
These  correspond  to  deep  water  wavelengths  of  15,  27,  31,  46  and  55  m,  respec¬ 
tively.  This  analysis  indicates  the  presence  of  a  mul ti -component  incident 
gravity  wave  group  with  dominant  periods  in  the  range  of  3-6  S.  Significant 
long  period  wave  components  have  also  heen  identified  with  the  wave  group. 

The  periods  of  these  low  frequency  components  are  17  and  33  seconds,  respec¬ 
tively  and  appear  to  resemble  surf  beats  (Munk  ,  1449;  Tucker,  1950).  These 
results  are  consistent  with  measurements  of  near  shore  mul ti -component  wave 
trains  reported  by  Meadows  and  Wood  (1980). 

Incident  wave  direction  and  longshore  current  velocity  were  determined  by 
a  frame-by-frame  analysis  of  a  synchronous  motion  picture  sequence  from  the 
shore  based  directionally  mounted  camera.  The  mean  wave  angle  of  attack  to 
the  beach  was  determined  to  be  57°  i  5°  (T)  and  the  mean  longshore  current 
velocity  midway  across  the  active  surf  zone  was  0.26  m/sec  flowing  toward  the 
nor  th . 

Table  2  provides  a  comparison  oetween  the  SAR  derived  surf  zone  conditions 
and  the  sea  truth  provided  by  the  surf  zone  array.  The  values  presented  in 
Table  1  represent  surf  zone  conditions  actually  measured  at  the  shoreward  edge 
of  test  area  A.  The  wave  directions  and  wavelengths  were  then  corrected  for 
depth  effects  using  classical  linear  wave  theory.  The  depths  used  for  the 
corrections  are  also  indicated  on  the  table.  The  SAR  derived  results  pre¬ 
sented  in  Table  2  ate  also  corrected  for  the  previously  discussed  motion  dis¬ 
tortions.  The  excellent  agreement  between  SAR  observations  and  the  surf  zone 
sea  truth  shown  in  the  table  indicates  the  following: 

1.  The  dominant  surface  gravity  wave  wavelengths  and  direction  are  ob¬ 
tainable  from  the  SAR. 

2.  These  observations  are  in  excellent  agreement  with  sea  truth,  even 
within  the  active  surf  zone. 

3.  Wave  refraction  can  be  observed  with  SAR  and  favorably  compares  to 
calculated  refraction  using  classical  linear  wave  theory. 

Tne  SAR  derived  radial  current  velocity  measurement  of  0.5  m/sec  was 
higher  than  reported  in  Table  1  (0.26  m/sec).  However,  recall  that  the  cur¬ 
rent  measurement  derived  from  the  SAR  was  not  taken  in  the  surf  zone  but  was 
centered  650  m  from  the  shore.  Meadows  (1977  and  1979)  reports  that  under 
certain  conditions,  an  increase  in  longshore  current  velocity  as  one  moves 
from  the  surf  zone  into  deeper  water  may  be  expected.  As  presented  earlier, 
the  SAR  Doppler  measurement  is  a  radial  velocity  and  is  denoted  by  a  line  of 
sight.  Thus,  only  rather  coarse  directional  information  is  obtainable,  in 
this  case,  a  current  velocity  awav  from  the  radar  look  direction  (northward 
flowing  current).  Two  orthogonal  flight  headings  and  resulting  current  mea¬ 
surements  could  greatly  enhance  the  directional  sensing  capability. 

The  SAR  spectrum  data  presented  in  Figure  4  ace  wave  number  spectrum  of 
the  radar  intensity.  As  such,  they  are  not  expected  to  have  the  same  appear¬ 
ance  as  the  one-dimensional  spectrum  from  the  resistance  wave  gauge  (Fig¬ 
ure  6)  which  was  determined  from  wave  height  and  period  data.  Even  if  the 
wave  number  spectrum  is  coverted  to  a  frequency  spectrum  or  vice-versa,  it  is 
clear  that  the  SAR  spectra  examined  here  cannot  be  easily  transformed  to,  or 


interpreted  as,  wave  height  spectra.  However,  the  wave  number  and  direction 
of  the  peak  energy,  determined  from  SAR  spectra,  agree  very  well  with  in-situ 
measurements.  Synoptic  availability  of  even  these  parameters  is  currently 
unobtainable  by  contentional  ground-based  measurements.  This  addition  repre¬ 
sents  a  significant  advance  in  large  scale  wave  data  acquisition. 

All  four  of  the  SAR  derived  wave  spectra  presented  in  Figure  4  exhibit 
significant  low  frequency  components.  These  components  were  observed  even 
after  the  digital  SAR  data  was  extensively  smoothed  and  the  intensity  fall-off 
in  the  range  direction  was  digitally  corrected.  The  low  frequency  (near  zero 
wave  number)  components  could  in  fact  be  real  components  of  the  sea  surface; 
the  one-dimensional  transform  derived  from  the  resistance  wave  gauge  record, 
shown  in  Figure  6,  indicated  the  presence  of  17  and  33  second  wave  periods. 

Preliminary  analysis  of  the  four  2-D  spectral  estimates  indicate  that  the 
low  frequency  components  corresponding  to  17  and  33  seconds  as  determined  from 
the  resistance  wave  gauge  record  are  identifiable  on  the  radar  imagery  in  wave 
spectra  space.  Thus,  it  appears  very  likely  that  the  "surf  beat"  component 
identified  on  the  resistance  wave  gauge  were  also  identified  on.  the  FAR  data. 
As  expected,  the  direction  of  these  SAR  derived  low  frequency  components  were 
also  in  the  30°  (T)  direction. 

SEASAT  COASTAL  WAVE  ANALYSIS 

Historically,  aerial  photography  has  been  the  remote  sensing  technique 
used  to  provide  the  best  evidence  of  wave  refraction  in  coastal  waters,  but 
it  has  limitations.  Aerial  photography  is  rarely  possible  during  storm  condi¬ 
tions  when  wave  heights  are  at  a  maximum  and  when  a  knowledge  of  wave  refrac¬ 
tion  is  most  important  to  coastal  engineering  studies.  Most  aerial  photo¬ 
graphs  have  ground  coverage  which  extends  no  further  than  a  few  kilometers 
from  shore,  and  thus  generally  do  not  display  the  early  stages  of  wave  refrac¬ 
tion.  Additionally,  successful  photography  of  gravity  waves  is  greatly  de¬ 
pendent  on  the  angle  of  sun  illumination  (Barber,  1949).  Spacecraft  photog¬ 
raphy  (Polcyn  and  Scttinger,  1969)  successfully. -imaged  ocean  waves  and  pro¬ 
vided  sufficient  ground  coverage  to  image  both  deep  and  shallow  water  waves, 
but  the  availability  of  this  type  of  imagery,  at  present  and  for  the  forsee- 
able  future,  is  limited.  Passive  mul tispectral  scanning  systems  such  as 
LANDSAT  do  not  have  sufficient  spatial  resolution  to  image  gravity  wave 
f ields . 

Aircraft  SAR  systems  have  some  of  the  sar,e  limitations  as  aircraft  aerial 
photography,  i.e.,  limited  area  of  swath  coverage,  typically  no  wider  than  10 
k  ilometers*. 

The  SEASAT  satellite,  launched  in  June  of  1978,  contained  an  imaging  syn¬ 
thetic  aperture  radar  with  a  wavelength  of  23.5  cm,  and  a  resolution  of 
approximately  25  x  25  m.  The  SAR  imagery  has  a  swath  width  of  100  kilometers 
and  data  lengths  up  to  a  few  thousand  kilometers  long.  The  SEASAT  SAR  thus 
offers  the  potential  to  cover  sufficiently  broad  coastal  areas  to  view  wave 
refraction  from  deep  water  to  the  shore.  This  section  reports  on  a  study  that 
documents  wave  refraction  using  SEASAT  SAP  data. 

The  purpose  of  this  study  was  to  investigate  whether  or  not  the  SEASAT 
SAR  imaged  gravity  waves  in  coastal  areas  with  sufficient  clarity  to  document 
wave  refraction.  This  was  done  by  comparing  depth  measurements  derived  -from 
models  based  on  classical  oceanographic  wave  refraction  theory  with  "sea 
truth"  depths  obtained  from  available  hydrographic  charts. 

Dominant  wavelength  and  direction  estimates  were  obtained  from  SFASAT  SAR 
imagery  of  gravity  waves  by  analyzing  spectra  produced  from  optical  Fourier 


*The  U.S.  Air  Force  operates  an  X-band  aircraft  SAR  with  a  50  km  swath; 
additionally,  the  ERIM  X-L  system  now  has  a  22  km  swath. 
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transforms.  These  wavelengths  and  directions  were  then  used  as  inputs  into 
two  simple  theoretical  models  in  an  attempt  to  assess  SEASAT's  potential  for 
discerning  refraction  of  gravity  waves.  The  theoretical  models  included  a 
refraction  (angle)  model  and  deep  to  shallow  water  wavelength  comparison 
model.  Both  of  these  models  were  used  to  obtain  depth  estimates.  The  depths, 
as  derived  from  the  SAR  data,  were  then  compared  to  the  depth  as  obtained  from 
bathymetric  charts. 

Two  areas  where  SEASAT  made  overpasses  were  chosen  as  study  sites.  On  3 
September  1978,  at  approximately  02:53  GMT,  SEASAT  collected  data  over  Cape 
Hatteras,  North  Carolina  during  Revolution  974.  This  pass  was  descending; 
therefore,  the  satellite  was  looking  at  waves  propagating  away  from  the  line 
of  sight.  Sea  truth  provided  by  Coastal  Erosion  Research  Laboratory  personnel 

who  operated  at  Duck,  North  Carolina  (approximately  80  km  from  Cape  Hatteras) 
reported  a  dominant  wavetrain  with  a  10.7  second  period  using  Baylor  and  wave- 
rider  gauges.  The  wave  height  was  2-3  meters.  This  sea  truth  is  consistent 
with  the  ERIM  OFT-obtained  dominant  wavetrain  (11.0  second  swell).  On  in 
August  1978,  SEASAT  collected  data  over  Cape  Wrath,  Scotland  during  Revolution 
762,  at  approxima tel y  6:46  GMT.  Unfortunately,  there  were  no  oceanoor aph ic 
sea  truth  measuring  devices  present  in  the  test  area.  However,  ship  reports 
did  indicate  an  ocean  swell  with  a  4  m  significant  wave  height  and  an  11.5 
second  period.  This  is  again  consistent  with  the  ERIM  OFT-obtained  wave 
period  estimates  (11.6  second).  Both  these  data  sets  contained  clearly  visi¬ 
ble  gravity  wave  fields. 

Dominant  wavelengths  and  their  resultant  wave  directions  were  obtained  by 
analyzing  a  series  of  two-dimensional  optical  Fourier  transforms  (OFTs) . 
Gonzalez,  et  al . ,  (1979)  used  OFTs  successfully  to  obtain  dominant  wavelength 

and  direction,  as  compared  to  sea  truth,  in  the  SEASAT  Gulf  of  Alaska  Experi¬ 
ment.  OFTs  are  obtained  by  passing  a  monochromatic,  eolumnated  beam  of  light 
through  the  film  image  of  the  waves.  Through  Fraunhoffer  diffraction,  the 
light  is  diffracted  proportionally  to  the  frequency  of  the  features  in  the 
image  in  the  same  direction  as  the  features  (Shuchman,  et  al.,  1977).  There¬ 
fore,  OFTs  produce  an  estimate  of  the  dominant  wavenumber  (or  wavelength)  and 
direction  of  the  waves.  Figure  7  is  an  example  of  an  ERIM  produced  optical 
Fourier  transform. 

Given  an  ocean  gravity  wavefield  which  is  propagatina  shoreward  in  a 
coastal  area  (see  Figure  8),  we  know  that  the  deepwater  wavelength  (L0), 
direction  (aQ) ,  and  celerity  (0o)  will  all  change  as  the  wave  begins  to 
feel  the  effect  of  the  sea  floor  (approximately  at  the  point  where  H/L0  = 

0.5,  where  H  is  the  water  depth).  If  we  assume  that  the  bottom  bathymetric 
contours  are  straight  and  parallel  to  the  shoreline,  then  at  any  point  towards 
shore,  Cj_  (the  wave  celerity  at  the  shoreward  point)  can  be  derived  from 
Snell's  Law  as: 
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where  rtl  is  the  angle  between  the  wave  and  shore.  We  also  can  derive  any 
in  terms  of  wave  properties  (Neumann  and  Pierson,  1966)  as: 
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where  H  is  the  water  depth  and  the  period  (T)  is; 


From  F.qs .  (4),  (5),  and  (6),  we  can  derive  the  depth  of  water  (H)  as: 
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where  h  =  sin  a^/sin  a0.  Therefore,  the  amount  a  wave  is  refracted  can  be 
determined  if  one  knows  aQ ,  L0  and  H. 

Similarly,  L^  can  be  defined  in  terms  of  H  and  L0: 
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By  obtaining  measurements  of  Oy,  Ly ,  and  L0  from  OFTS  from  the  SEARAT 

data,  it  is  possible  to  calculate  an  estimate  of  H,  the  water  depth.  if  the 
SEASAT  SAR  is  "seeing"  wave  refraction,  then  these  predicted  depths  should  be 
comparable  to  "sea  truth"  depths  obtained  from  hydrographic  charts. 

Therefore,  two  simple,  theoretical  models  were  considered  in  this  study. 
The  wave  refraction  model  [Equation  (7)1  uses  a0,  and  I.Q  as  inputs.  The 

wavelength  comparison  model  [Equation  (8)1  uses  L0  and  Ly  as  inputs. 

For  a  complete  discussion  and  derivation  of  these  models,  see  Shuchman, 
et  al.,  (1979a).  Figure  9  gives  a  graphical  presentation  of  these  two  models. 
The  inputs  for  these  models  were  produced  by  OFT  analysis. 

A  set  of  twelve  optical  Fourier  transforms  were  produced  at  ERIM  from  the 
Rev.  762  data  for  the  Cape  Wrath  Test  area.  Wavelengths  and  wave  directions 
obtained  from  these  two  models  were  then  used  as  inputs  into  the  two  theoret¬ 
ical  models. 

A  comparison  of  predicted  depth,  using  Eq.  (7),  vs.  actual  charted  depth 
using  the  wave  refraction  model  reveals  in  all  cases  that  the  predicted  depth 
was  much  less  than  the  actual  depth.  This  indicates  that  the  measured  angle 
of  wave  propagation  is  much  less  than  it  should  be,  i.e.,  the  waves  are  being 
bent  to  a  greater  extent  than  the  bottom  topography  would  account  for.  There¬ 
fore,  effects  other  than  those  of  bottom  refraction  must  be  working  on  the 
waves  in  this  SAR  imagery. 

In  order  to  explain  the  change  in  deep-water  wave  angles,  a  diffraction 
analysis  was  conducted  for  the  wave  pattern  shown  in  the  imagery.  A  deep¬ 
water  incident  wave  direction  (n0)  of  68°(T)  (as  obtained  by  an  OFT  and 
FFT  of  deepwater  waves  on  Revolution  762)  was  assumed.  The  tip  of  the  barrier 
was  taken  to  be  the  Butt  of  Lewis  on  the  Isle  of  Lewis,  an  island  30  kilom¬ 
eters  to  the  southeast  of  the  SEASAT  overpass.  The  diffraction  pattern  was 
drawn  as  a  series  of  arcs  centered  on  the  Butt  of  Lewis.  Transposing  these 
diffraction  arcs  onto  the  SAR  imagery  clearly  shows  that  the  wave  pattern  is 
a  result  of  waves  diffracting  around  the  northern  end  of  the  Isle  of  Lewis 
(see  Figure  10) . 

This  diffraction  of  the  waves  along  with  violation  of  the  assumption  of 
straight  and  parallel  bottom  contours  introduce  enough  uncertainty  into  the 
model  as  to  make  it  very  difficult  to  estimate  depth  from  wave  refraction  in 
this  area.  Therefore,  further  wave  refraction  studies  were  not  conducted  on 
these  data. 

Two  sets  of  optical  Fourier  transforms  were  analyzed  for  the  Cape  Hatteras 
data.  One  set  was  produced  at  ERIM,  while  the  other  was  produced  at  the 
Coastal  Engineering  Research  Center  (CERC)  of  the  U.R.  Army  Corps  of  Engi¬ 
neers.  The  ERIM  data  set  contained  26  points,  of  which  8  were  used  to  calcu¬ 
late  an  estimate  of  the  deep  water  wavelength  and  direction.  The  OEPC  data 
set  contained  28  shallow  water  OFTs.  Figure  11  shows  the  location  of  the  CERC 
and  ERIM  OFTs.  Figure  12  shows  a  portion  of  sub-swath  3  of  the  JPL  (Jet 
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Propulsion  Lab)  optically  processed  SAR  imagery  from  Rev  974  .  Portions  of 
subswaths  2  and  4  were  also  used. 


Figure  13  represents  a  plot  of  predicted  depth  versus  chart  depth  using 
the  results  from  the  wave  refraction  model.  Although  a  statistical  analysis 
indicated  there  was  a  significant  linear  correlation  present  (R  =  0.52,  P= 
0.01),  Figure  13  does  not  indicate  a  very  good  fit  in  the  data.  One  possible 
reason  for  this  lack  of  fit  is  a  violation  of  the  assumption  made  earlier  that 
the  bottom  bathymetric  contours  are  straight  and  parallel  to  the  shoreline. 
Because  the  ERIM  data  were  from  a  wide  range  of  points,  this  assumption  prob¬ 
ably  does  not  hold  true. 

The  CERC  points,  however,  were  collected  over  a  small  area  (see  Fig¬ 
ure  11),  and  the  assumption  of  straight  and  parallel  contours  probably  is 
valid  for  this  smaller  data  set.  A  separate  analysis  of  the  CFRC  data  above 
is  warranted.  Figure  14  summarizes  the  CERC  data  from  the  wave  refraction 
model.  For  this  data  set,  the  linear  correlation  was  0.76,  again  significant 
for  a  P=  0.01. 

The  results  for  the  wavelength  comparison  model  are  summarized  in  Fig¬ 
ure  15.  The  linear  correlation  for  this  data  was  0.81,  significant  at  P = 
0.01.  It  is  felt  that  of  the  two  models,  the  wavelength  comparison  model  in 
the  more  desirable  one.  Not  only  does  this  model  produce  better  correlation, 
but  its  inputs  are  less  sensitive  to  both  SAR  imaging  and  oceanoqraph ic  con¬ 
straints.  SAR  systems  are  typically  quite  sensitive  to  imaging  geometry. 

Wave  angles  are  also  sensitive  to  other  oceanogr aph ic  phenomena  such  as  tides 
and  coastal  currents  in  addition  to  refraction  and  diffraction.  Wavelengths 
are  also  sensitive  to  these  phenomena,  but  recent  studies  by  Hayes  (1980)  in 
the  Cape  Hatteras  area  showed  that  wavelengths  are  much  less  sensitive  to  cur¬ 
rent  effects  than  wave  angles.  Both  these  factors  are  reflected  in  a  high 
level  of  variability  in  the  estimate  of  the  deepwater  wave  angle.  From  the 
ERIM  OFTs  of  deep  water  points,  a  deepwater  wave  angle  (n0),  of  49°  was  cal¬ 
culated,  which  had  a  standard  deviation  of  15.4°,  or  approximately  thirty  per¬ 
cent  of  aQ.  In  contrast,  the  deepwater  wavelength  (L0)  of  181  meters  had  a 
standard  deviation  of  10.4  meters,  or  approximately  six  percent  of  I.0.  There¬ 
fore,  as  far  as  inputs  into  the  two  models  are  concerned,  those  for  the  wave¬ 
length  comparison  model  (I,0  and  Li )  are  apparently  less  variable  than  those 
for  the  wave  refraction  model  (Up,  ,  and  l,0) .  Because  the  inputs  to  the 
wavelength  comparison  model  are  inherently  subjected  to  less  variability,  it 
is  felt  that  this  model  is  the  better  of  the  two. 

SUMMARY 

This  paper  has  demonstrated  that  both  aircraft  and  satellite  SAP  data  can 
provide  useful  near  shore  wave  climate  information.  Both  the  fine  resolution 
(3x3  meter  pixel),  narrow  swath  width  (6  km)  aircraft  data  and  the  coarser 
resolution  (25  x  25  meter  pixel),  wide  swath  (100  km)  satellite  data  proved 
useful  in  imaging  gravity  waves.  Synthetic  aperture  radar  (SAR)  surface  grav¬ 
ity  wave  data  of  the  coastal  zone  of  a  portion  of  Lake  Michigan  has  been  com¬ 
pared  to  in-situ  surf  zone  wavelength,  period,  direction,  and  surface  current 
information.  The  comparisons  were  favorable,  indicating  SAR's  utility  as  a 
tool  to  remotely  sense  coastal  zone  conditions.  This  could  in  turn  enable 
oceanographers  to  synoptically  study  the  entire  coastline  of  large  water  bod¬ 
ies.  This  data  could  then  prove  useful  in  mapping  not  only  surface  wave  clim¬ 
ates  and  currents,  but  also  provide  a  mechanism  for  rapid  and  large  scale 
assessment  of  changes  in  coastal  conditions. 

Specifically,  this  study  has  shown: 

1.  SAR  derived  wavelengths  and  directions  are  in  good  agreement  with  sea 

truth, 

2.  SAR  directional  spectra  taken  in  various  water  depths  do  correlate 
with  predicted  wave  refraction. 
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3.  Longshore  current  direction  and  relative  magnitude  as  obtainable  from 
SAR  Doppler  history  and  are  in  reasonable  agreement  with  sea  truth, 
and 

4.  Low-frequency  components  observed  on  SAR  spectra  seem  to  correlate 
with  low  frequency  "surf  beat"  found  in  sea  truth  spectral  estimates. 

It  should  be  mentioned  when  utilizing  SAP  data  such  as  presented  in  this 
paper,  that  the  SAR  spectral  estimates  presented  are  wave  number-d irectiona 1 
spectra  of  the  radar  return  intensity.  The  data  does  not  represent  wave 
height  information,  at  least  not  in  a  recognizable  form.  The  modulation 
transfer  function  (i.e.,  SAR  gravity  wave  imaginq  mechanism)  is  not  totally 
understood  at  the  present  time.  The  determination  of  the  transfer  function 
as  well  as  determination  of  wave  height  using  SAR  data  will  be  a  major  scien¬ 
tific  advance.  At  that  time,  it  will  then  be  possible  to  use  SAR  gravity  wave 
data  to  obtain  power  density  estimates  of  the  sea  surface. 

SEASAT  SAR  data  collected  off  the  coast  of  Scotland  and  Cape  Hatteras, 
North  Carolina,  was  analyzed  in  respect  to  identifying  gravitv  waves  as  they 
propagated  toward  shore.  Classical  wave  refraction  was  documented  on  the  Cape 
Hatteras  data  as  an  11-second  swell  was  detected  by  the  SAP  and  successfully 
tracked  from  deep  water  to  the  coastline.  The  Scotland  SAR  data  exhibited  an 
11. 5-second  swell  pattern  that  could  not  be  explained  throuqh  wave  refraction 
and  bottom  topography  effects.  Instead  the  wave  patterns  observed  were  shown 
to  be  caused  by  diffraction  around  an  island  approximately  30  km  outside  of 
the  SAR  pass.  Both  optical  and  digital  Fourier  transform  techniques  were 
utilized  in  this  study.  To  further  demonstrate  the  ability  of  SAR  for  coastal 
remote  sensing,  the  radar  wave  data  was  reduced  using  refraction  and  wave¬ 
length  comparison  methods  to  exact  depth  information.  This  depth  information 
was  compared  to  bathymetry  charts  and  the  results  were  very  encouraging,  indi¬ 
cating  the  utility  of  SAR  data  to  update  bathymetry  charts  of  coastal  areas. 
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Table  1.  Incident  Surf  Zone  Conditions  at  the  Time  of  the  SAR  Overflight 


SIGNIFICANT  WAVE  HEIGHT 
DOMINANT  WAVE  PERIODS 
DEEP  WATER  WAVELENGTH 
INCIDENT  WAVE  DIRECTION 
LONGSHORE  CURRENT  VELOCITY 
LONGSHORE  CURRENT  DIRECTION 
WIND  SPEED 
WIND  DIRECTION 


0.95  (m) 

5,9,  5.3,  4.8,  4.0,  2.9  (s) 
54,  44,  36,  25,  13  (m) 

57°  +  5° 

0.26  (m/s) 

North  (360°  T) 

7.5-10  m/s 
230°  T 


Table  2.  Comparison  Between  the  SAT  Derived  Surf  Zone  Condition  and 
the  In  Situ  Sea  Truth 


SAR  Derived 

Sea  Truth* 

DISTANCE 

dominant 

TEST 

FROM 

DEPTH 

WAVELENGTH 

DIRECT! ON 

WAVELENGTH 

DIRECTION 

AREA 

SHORE  (M) 

?M) 

(M) 

(To) 

OO 

(T°) 

98 

47.72 

A 

900 

10.5 

93 

35  +  3 

43.7 

34  i  2 

B 

2200 

19 

55 

30  +  3 

53.8 

43.7 

30  +  2 

55 

55.3 

28  +  2 

C 

9600 

27 

43 

25  i  3 

45.7 

48 

55 

55,3 

28  i  2 

D 

6900 

31 

48 

25  +  3 

45.7 

"Actual  measurements  made  at  surf  zone,  values  for  test  areas  a-d 

ARE  DEPTH  CORRECTED. 


ENERGY  DENSITY (M2/Af) 


Figure  5.  Plot  of  Doppler  displacement 

caused  by  radial  velocity  component 
of  longshore  current  averaged  over 
1  km*  area 


OCTOBER  WAVE  DATA  1978 


FREQUENCY  (HZ) 


Figure  6.  One -dimens ional  wave  height  spectrum  of  water 
surface  elevation  time  history  from  resistance 
wave  gauge.  Dominant  wave  periods  and  wave¬ 
lengths  are  as  follows:  (1)  T  =  40.0  s,  L  = 

685.9  m;  (2)  T  =  17.2  s,  L  =  294.9  m;  (3)  T  = 

8.1  s,  L  =  138.9  m;  (4)  T  =  5.9  s,  L  =  54.3  m; 
(5)  T  =  5.3  s,  L  =  43.8  m;  (6)  T  =  4.8  s,  L  = 

35.9  m;  (7)  T  =  4.0  s,  L  =  25.0  m;  (8)  T  = 

2.9  s,  L  =  13.1  m;  (9)  T  =  2.6  s.  L  =  10.5  m; 

(10)  T  =  2.3  s,  L  =  8  25  m. 
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Ptm dxted  Depth 


Have  refraction 

Figure  12.  Positions  of  Model,  ERIM  and 

Optical  Fourier  CEP.C  Points 

Transforms  for 
Revolution  97A 


0  6  0  110  30  0  43  0  94  0 

Chart  Depth 


Figure  1A  .  Chart  Depth  versus 
Predicted  Depth, 

Wave  Refraction  Model, 
CERC  Points  Only 


0  6  0  110  30  0  43  0  34  0 

Chart  Depth 


Figure  15.  Chart  Depth  versus 
Predicted  Depth, 
Wavelength  Comparison 
Model,  F.RIM  and  CFRC 
Points 
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ABSTRACT 


Synthetic  aperture  radar  (SAR)  has  been  used  to  image  long-period 
(15-200  s)  gravity  waves  in  the  nearshore  region  of  Lake  Michigan. 
These  long-period  waves  are  a  response  of  the  sea  surface  to  forcing 
by  a  non-monocnromatic,  wind-generated  surface  wave  field.  The  SAR 
data  was  successfully  compared  with  an  in-situ  wave  gauge  record. 

Both  one-  and  two-dimensional  fast  Fourier  transforms  were  generated 
from  near  and  offshore  regions  of  SAR  data,  1.5  x  1.5  km  size  each. 
Comparison  of  the  SAR  derived  near  and  offshore  spectral  estimates 
exhibited  both  low-  and  high-frequency  wave  components.  Classical 
bathymetrical ly  controlled  wave  refraction  was  observed  for  both  the 
short  as  well  as  long  wave  components  of  the  sea  surface.  This  paper 
demonstrates  the  ability  of  SAR  X-band  data  to  image  successfully 
low  amplitude,  long-period,  signals.  The  signals  appear  to  corre¬ 
spond  to  a  "surf  beat"  generated  by  the  incident  wind  wave  field. 
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Introduction 


Since  the  initial  observations  of  long-period  (30-300  s)  wave 
motions  by  MunK  (1949)  and  Tucker  (1950),  several  conjectures  con¬ 
cerning  the  generation  and  propagation  of  "surf  beats"  have  been 
proposed.  The  theoretical  development  of  Longuet-Higgins  and  Stewart 
(1962)  employee,  interactions  of  a  non-monochromatic  sea  to  generate 
an  amplitude  modulated  sea  surface.  Through  the  use  of  the  calcu¬ 
lated  increased  radiation  stress  beneath  groups  of  large  waves  and  a 
corresponding  decrease  in  the  stress  associated  with  lower  waves,  a 
forced  long-period  wave  is  generated  at  the  beat  frequency.  Meadows 
(1977)  showed  that  this  long-period  forced  wave  propagated  at  the 
short  wave  group  velocity  and  was  observable  in  the  nearshore  zone. 
Similarly,  Larsen  (1979)  has  observed  long-period  forced  waves  in 
the  North  Pacific  which  appeared  to  have  been  generated  by,  and 
propagated  with,  the  modulated  sea  surface. 

All  inferences,  as  wpII  as  previous  attempts  at  field  verifica¬ 
tion  of  the  physical  characteristics  of  these  long-period  waves,  have 
been  based  on  single  point  time  series  measurements.  The  studies  of 
Meadows  (1977)  represented  the  first  two-dimensional,  synchronous, 
time  series  observations  of  nearshore,  long-period  wave  motions. 

These  studies,  however,  were  still  conducted  over  an  offshore  spatial 
interval  which  was  small  (order  of  half  the  wavelength)  compared  to 
the  wavelengths  of  the  forced  surf  beat. 

Investigation  of  the  backscatter  of  microwave  energy  from  the 
sea  surface  provides  a  unique  way  to  view  large  spatial  regions  of 
the  sea  surface  nearly  simultaneously.  Synoptic  coverage  of  wave 
characteristics,  as  available  from  synthetic  aperture  radar  (SAR), 
has  provided  a  three-dimensional  (two  spatial  dimensions  and  radar 
backscatter  modulation)  representation  of  the  propagation  and  physi¬ 
cal  characteristics  of  long-period  wave  motions  across  the  sea  sur¬ 
face.  Since  the  intensity  of  radar  backscatter  can  be  related  to 
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the  characteristics  of  ocean  wave  propagation  (Gonzales,  et  al., 

1979;  Gower  and  Hughes,  1979;  Shuchman  and  Meadows,  1980;  Schwab,  et 
al.,  1981),  definitive  information  is  now  available  concerning  the 
generation  and  propagation  of  these  wave  motions. 

SAR  sea  surface  information  was  collected  over  a  region  of  Lake 
Michigan  by  the  Environmental  Research  Institute  of  Michigan  (ERIM). 
At  the  time  of  the  SAR  overflight,  the  University  of  Michigan, 
Department  of  Atmospheric  and  Oceanic  Science  was  operating  its 
mobile  nearshore  wave  and  current  monitoring  array  (Meadows,  1979; 
Meadows,  et  al.,  1980;  Shuchman  and  Meadows,  1980).  The  concurrent 
acquisition  of  airborne  SAR  sea  surface  data  with  in-si tu  sea  truth 
has  provided  a  valuable  opportunity  to  investigate  the  three- 
dimensional  characteristics  of  a  complex  nearshore  wave  field.  A 
previous  paper,  utilizing  this  coincident  SAR  and  in-situ  wave  gauge 
data  (Shuchman  and  Meadows;  1980),  has  shown  SAR  can  successfully 
image  the  incident  wind  generated  gravity  wave  field.  This  paper 
will  concentrate  on  the  long-period  (15-200  s)  response  of  the  sea 
surface  to  forcing  by  a  non-monochromatic,  wind-generated  surface 
wave  field  and  the  ability  of  SAR  to  successfully  image  these  subtle 
surface  wave  motions. 

Theory  of  Long-Period  Wave  Generation 

Employing  the  classic  formulation  for  the  linear  interaction  of 
two  sinusoidal  waves  of  differing  radian  wavenumbers,  k1  and  k^, 
and  radian  wave  frequencies,  o1  and  a  solution  for  the  re¬ 
sultant  sea  surface  is  possible  by  simple  superposition  of  these  wave 
components.  The  resultant  sea  surface  (n)is  a  function  of  both  space 
(x)  and  time  (t)and  is  given  by, 

n(x,  t)  =»  a  cos  (k-jX  -  a^t)  +  a  cos  (k^x  -  (^t),  (1) 

where  a  is  the  wave  amplitude.  As  suggested  by  Kinsman  (1965)  for 
the  condition  when  the  two  component  waves  are  very  nearly  the  same 
length  and  period,  such  that 


Ak  «  k^ , 


and  a<j  <<  a-j , 


where  Ak  =  k^  -  and  Aa  =  o-|  -  aj,  then 

k  1  **  i<2  anc*  a1  *  a2’ 

Hence,  the  amplitude-modulated  sea  surface,  as  a  function  of  dis¬ 
tance  in  the  propagation  direction,  may  be  expressed  as 

n{x)  ss  2a  cos  x)  cos  (kx)  (2) 

and  as  a  function  of  time  as. 


n(t)  a  2a  cos  cos  {at). 


(3) 


Since  Ak  «  k  and  Aa  «  a,  the  spatial  and  temporal  scales  of  the 
modulation  are  very  long  compared  to  the  individual  wave  components 
which  comprise  the  group.  This  interference  pattern  results  in  the 
generation  of  groups  of  large  waves  separated  by  groups  of  small 
waves  (see  Figure  1  from  Longuet-Higgins  and  Stewart,  1962).  The 
length  of  the  long-period  modulation  is  given  by  Kinsman  (1965)  as 


L 


=  4ir 
mod  *  aIT 


(4) 


while  the  period  of  the  modulation  is 

T  -  —  (5 

‘mod  "  act  * 

The  distance  between  successive  groups  of  high  waves  is  therefore, 
1/2  L(nod  and  the  corresponding  time  interval  is  1/2  Tmod> 

Consider  a  conventional  right-handed  rectangular  coordinate  sys¬ 
tem  with  the  x-axis  horizontal  and  in  the  direction  of  wave  propaga¬ 
tion  and  the  z-axis  vertical  and  upward.  Let  u,  v  and  w  be  the 
velocity  components  in  the  x,  y  and  z  directions  respectively;  and 
let  p,  o  and  g  denote  the  pressure,  density  and  gravitational  accel¬ 
eration  respectively.  Also  let  the  free  surface  be  given  by  the 
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equation  z  =  ;/(x,  y,  t),  where  t  is  time,  and  the  rigid  horizontal 
bottom  by  the  equation  z  =  -h. 

When  the  length  of  the  modulated  wave  groups  are  long  compared 
to  the  local  water  depth,  changes  in  the  mean  sea  level  and  the  wave 
mass-transport  correspond  to  those  that  would  result  from  an  applied 
horizontal  force;  in  this  case,  the  radiation  stress  (Whitham,  1962; 
longuet-Higgins  and  Stewart,  1962).  For  this  condition,  the  flux  of 
momentum  across  an  x  =  constant  vertical  plane  is  given  by  Longuet- 
Higgins  and  Stewart  (1960)  as 


S  =  f  (p  +  pu2)  dz  (6) 

-'-h 

■where  the  radiation  stress,  (Sx),  is  the  difference  between  S  and 
the  contribution  due  to  the  hydrostatic  pressure; 

S  =  f  (p  +  pu2)dz  -  f  Pg(n  -  z)  dz 
-h  •'-h 

=  S  -  j  pg(h  +  x])Z 

which  is  approximately  equal  to 

a  S  -  pgQ-  h2  +  hn)  (7) 

where  the  over-bars  denote  time  averages.  For  the  condition  of  long 
waves  in  shallow  water,  the  vertical  accelerations  are  assumed 
negligible;  hence,  correct  to  second  order 


where  E  is  the  wave  energy  per  unit  horizontal  area  and  is  defined 
as: 

F  1  n,2. 

E  =  oga  , 
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Cg  in  Eq.  (8)  denotes  the  deep  water  group  velocity  of  the  waves 
and  C  is  the  phase  speed  of  the  individual  waves. 


Conservation  of  mass  and  momentum  may  be  expressed  as 


3  ( P tQ  +  3M 
at  ax 


0, 


and 


aM  +  aS 
at  ax 


0, 


(9) 

00) 


where  M  is  the  mean,  vertically  integrated  horizontal  momentum  given 
by 


,n 

M  =  f  pu  dz.  (11 ) 

-h 

Substituting  for  Sx  from  £q.  (7),  the  momentum  equation  may  be 
written  as. 


aM  .  nh  a 
it  +  9h  a7 


3Sx 

(pn)  =  -  — 


02) 


Since  the  applied  force,  -aSx/ax  travels  with  the  group  velocity, 
a/at  may  be  replaced  with  -Cg  a/ax  which  upon  substitution  into 
Eqs.  (9)  and  (12)  gives: 


in 

ax 


and 


(13) 


(14) 


The  solution  to  this  set  of  equations  is  given  by  Longuet-Higgins 
and  Stewart  (1962)  as 


J 


3  n 
3  X 


aM 

3X 


05) 


(16) 


Upon  integration,  the  free  surface  elevation  and  mean  horizontal 
momentum  become 


and 


n  =  - 


p(gh  -  O 


respectively. 


M  =  - 


(gh  -  cg 


(17) 


(18) 


The  interpretation  suggested  by  Longuet-Higgins  and  Stewart 
(1962)  is  as  follows: 

"It  will  be  noticed  that  beneath  &  group  of  high  waves, 
where  Sx  and  E  are  both  large,  n  and  u  are  more  negative, 
that  is  to  say  there  is  a  relative  depression  in  the  mean 
surface  level,  coupled  with  a  mean  flow  opposite  to  the 
direction  of  wave  propagation.  Beneath  a  group  of  low 
waves,  on  the  other  hand,  the  mean  surface  level  is  raised 
and  the  flow  is  positive."  (See  Figure  1.). 

Sea  Surface  -  SAR  Interactions 


It  is  generally  accepted  that  the  scattering  of  microwave  energy 
from  the  sea  surface  is  a  Bragg-Rice  resonance  phenomenon  (Wright, 
1968),  thus  making  the  received  radar  image  particularly  sensitive 
to  capillary  and  short  ultra-gravity  ocean  surface  waves.  Non-linear 
interaction  of  these  short  waves  with  longer  period  wave  motions  is 
the  subject  of  much  research  (Phillips,  1981;  Longuett-Higgins  and 
Stewart,  1960,  McGoldrick,  1970,  1972).  It  is  generally  agreed, 
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however,  that  the  short  wavelengths  are  increased  in  the  troughs  of 
the  long  waves  and  that  the  correspondingly  short  wave  height  is  de¬ 
creased.  Conversely,  on  the  wave  crest  of  the  long  waves,  the  short 
wave  height  is  increased  and  the  short  wavelength  is  decreased.  Both 
effects  act  to  increase  the  sea  surface  roughness  in  the  crest  re¬ 
gions  of  long  waves  and  correspondingly  decrease  the  roughness  in 
the  trough  region  (Phillips,  1981).  The  radar  backscatter  increases 
as  a  function  of  increasing  sea  surface  roughness,  thus  producing 
regions  of  intense  radar  backscatter  from  modulated  long  wave  crests 
and  diminished  radar  return  from  modulated  long  wave  troughs.  Fur¬ 
thermore,  it  also  appears  that  the  existence  of  a  surface  capillary 
or  ultra-gravity  wave  field  is  a  necessary  condition  to  provide  radar 
images  of  long-period  ocean  internal  wave  motions. 

The  proposed  physical  mechanism  for  the  indirect  imaging  of  "surf 
beats"  by  radar  backscatter  is  as  follows.  A  modulated,  wind-driven, 
capillary/ultragravity  wave  field  exists  in  conjunction  with  a  shore¬ 
ward  propagating,  non-monochromatic,  gravity  wave  field.  Non-linear 
capillary-gravity  wave  interactions  occur  which  produce  increased 
surface  roughness  on  the  crests  of  the  gravity  waves  and  decreased 
surface  roughness  in  the  troughs.  Concurrently,  similar  but  slightly 
different  gravity  wave  components  of  the  non-monochromatic  wave  field 
are  interacting  to  form  surf  beats  consisting  of  groups  of  high  waves 
separated  by  groups  of  low  waves.  These  wave  groups  produce  corre¬ 
sponding  depression  and  relaxations  of  the  mean  water  level  in  re¬ 
sponse  to  fluctuations  of  the  applied  radiation  stress.  Hence,  a 
forced,  long-period  wave,  travelling  at  the  group  velocity  of  the 
wind  wave  packet  is  generated.  Bright  radar  returns,  therefore, 
should  correspond  to  groups  of  high  gravity  waves  and  corresponding 
troughs  of  the  forced  long-period  waves. 
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Data  Description 


The  synthetic  aperture  radar  (SAR )  used  to  collect  the  data  is 
the  ERIM  X-  and  L-band  dual  polarized  radar  described  by  Rawson 
et  al .  (1975).  The  ERIM  SAR  system  records  four  channels  of  radar 
return  but  we  will  focus  our  attention  here  on  the  X-band  horizontal- 
transmit-horizontal-receive  (HH)  channel  is  this  data  provided  the 
clearest  wave  images.  The  SAR  was  flown  at  an  altitude  of  6100  m 
and  operated  with  a  center  incident  angle  from  the  vertical  of  20*, 
yielding  a  swath  width  of  5.6  km.  The  cross-track  or  range  resolu¬ 
tion  of  SAR  is  limited  by  radar  bandwidth  and  is  about  2  m  for 
X-band.  The  along-track  or  azimuth  resolution  is  obtained  from  the 
synthetic  aperture  technique  described  by  Brown  and  Porcello  (1968). 
For  the  X-band,  the  azimuthal  resolution  is  about  2.5  m.  This  SAR 
data  was  processed  on  the  ERIM  tilted-plane  precision  optical  proc¬ 
essor  described  by  Kozma,  et  al.  (1972). 

The  SAR  data  was  collected  on  October  18,  1978,  at  approximately 
16:35  EST.  The  airborne  data  was  collected  along  the  shoreline  of 
Lake  Michigan  centered  at  latitude  43*  50'  N.  The  site  for  this 
field  experiment  as  shown  in  Figure  2  was  the  eastern  shore  of  Lake 
Michigan,  between  the  cities  of  Ludington  and  Pentwater,  Michigan. 
This  thirteen  kilometer  section  of  shoreline,  extending  approximately 
north-south,  is  characterized  by  a  multiple-barred  bathymetry  with 
nearly  straight  and  parallel  contours. 

At  the  same  time  as  the  ERIM  flight,  the  University  of  Michigan, 
Department  of  Atmospheric  and  Oceanic  Science  was  operating  its 
mobile  surf  zone,  wave  and  current  sensing  array  (Meadows,  1979). 
Monitoring  of  incident  wave  characteristics  and  longshore  current 
velocities  was  conducted  through  the  growth  of  a  major  storm  on  Lake 
Michigan.  A  detailed  discussion  of  the  experimental  design  is  pre¬ 
sented  in  Wood  and  Meadows  (1975)  and  Meadows  (1977).  Surface¬ 
piercing,  step-resistance  wave  probes  and  bi-directional  ducted 
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impeller  flow  meters  were  used  to  make  simultaneous  measurements  of 
wave  and  current  conditions.  These  sensors  were  oriented  on  a  line 
perpendicular  to  shore,  extending  from  the  beach  to  the  outer  surf 
zone.  Other  coastal  sensing  equipment  included  a  directionally 
mounted  motion  picture  camera  and  Lagrangian  drifters.  Unfortunate¬ 
ly,  high  wind  and  wave  action  on  17  and  18  October  destroyed  much  of 
the  array;  however,  sufficient  sensors  survived  to  make  this  compar¬ 
ative  study  possible. 

Methods 

The  SAR  collected  data  were  digitized  with  an  approximate  resolu¬ 
tion  of  6  meters  (3  m  pixels)  using  the  ERIM  hybrid  image  dissector 
(Ausherman,  1975).  The  range  coordinates  of  the  digitized  data  were 
analytically  corrected  for  slant-to-ground  range  geometry  (Feldkamp, 
1978).  Two  1.5  x  1.5  km  subsections  (see  Figure  2)  with  6  meter 
resolution  were  extracted  from  the  digitized  data.  The  two  sections 
are  labeled  A  and  B,  where  A  is  closest  to  shore. 

The  3.0  m  pixel  digitized  SAR  images  were  converted  to  6  m  sam¬ 
ples  by  4  pixel  into  2  pixel  averaging  in  order  to  increase  coherence 
in  the  image.  The  average  value  of  each  azimuthal  line  was  sub¬ 
tracted  from  the  line  to  remove  the  trend  of  intensity  fall-off  with 
increasing  range  distance.  Two-dimensional  fast  Fourier  transforms 
(FFTs)  were  performed  on  each  256  x  256  cell  subsection  to  yield  raw 
directional  wavenumber  spectra  with  a  Nyquist  wave  number  of  0.5  m_1. 
The  raw  spectra  were  smoothed  by  replacing  each  value  with  the  aver¬ 
age  of  the  surrounding  5x5  cell.  The  approximate  number  of  degrees 
of  freedom  for  the  resulting  spectrum  is  142  (Kinsman,  1965).  The 
99  percent  confidence  limits  are  then  ±1.5  dB  (Jenkins  and  Watts, 
1968). 

In  addition  to  the  two-dimensional  FFT  analysis,  five  isorange 
SAR  backscatter  records  1.5  km  long  were  analyzed  using  both  a  one¬ 
dimensional  spectral  analysis  and  a  band-pass  filtering  program. 
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This  one-dimensional  analysis  was  performed  on  the  SAR  data  to  better 
quantify  the  long-period  components  of  the  prevalent  wave  field.  To 
perform  this  analysis,  5  adjacent  isorange  lines  of  data  were  ex¬ 
tracted  from  the  digital  image  corresponding  to  the  center  of  both 
study  areas  A  and  B.  These  lines  were  then  averaged,  or  in  effect, 
smoothed  in  the  range  direction,  this  was  done  to  reduce  the  speckled 
nature  of  the  SAR  data.  The  averaged  lines  were  then  plotted  in 
order  to  characterize  the  relative  backscatter  across  these  study 
areas.  These  data  were  then  selectively  filtered  for  wavelengths 
lying  between  177  and  1180  m  for  study  area  A  and  from  249  to  1660  m 
for  study  area  B.  This  wavelength  filtering  corresponds  to  the  tem¬ 
poral  region  of  interest,  15-200  seconds. 

To  calculate  the  directional  wave  spectrum  at  the  instrumented 
surf  zone  site,  a  sixteen-minute  analog  record  was  digitized  at  0.25 
s  intervals  and  analyzed  using  conventional  one-dimensional  fast 
Fourier  transform  techniques.  The  directional  information  was  ob¬ 
tained  from  the  directionally  mounted  camera.  One-dimensional 
spectral  analysis  using  a  FFT  routine  was  performed  on  the  total 
sixteen-minute,  outer  surf  zone  water  level  elevation  time  history. 
The  smoothed  spectrum  resulting  from  this  analysis  is  presented  in 
Figure  3.  This  spectrum  exhibits  a  well  defined  broad  peak  in  the 
wind  wave  range  (2-8  sec),  composed  of  multiple  components.  This 
spectrum  is  characteristic  of  locally  generated  seas.  In  addition, 
this  spectral  analysis  has  also  identified  significant  long-period 
wave  motion  at  specific  periods  of  17.2  and  32.3  seconds  and  a  less 
significant  peak  at  approximately  59  seconds.  These  near-shore 
spectral  estimates  were  obtained  from  a  continuous  digital  record 
consisting  of  3840  equally  spaced  values  at  0.25  second  intervals. 

The  80  percent  confidence  band  lies  between  1.42  and  0.62  times  the 
spectral  estimate  and  is  indicated  on  Figure  3  (Kinsman,  1965). 

Based  upon  these  results,  this  total  water  level  elevation  record 
was  band-pass  filtered  to  retain  only  surface  wave  motions  with 
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periods  between  15  and  200  seconds.  A  representative  portion  of  the 
original  and  band-pass  filtered,  long-period  records  is  presented  in 
Figure  4.  It,  therefore,  appears  that  significant  long-period  wave 
motions  are  present  in  the  nearshore  region  with  a  mean  amplitude  of 
approximately  10  percent  of  that  of  the  incident  wind  waves.  These 
results  agree  favorably  with  the  finding  of  Meadows  and  Wood  (1982) 
where  both  progressive  as  well  as  standing  long-period  wave  motions 
were  observed  in  the  nearshore  region.  The  question  arises,  however, 
as  to  the  generation  mechanism  of  these  waves.  It  is  the  hypothesis 
of  the  authors  that  these  long-period  waves  are  formed  as  a  result 
of  non-linear  interactions  between  the  dominant  wind-wave  components 
and  that  they  propagate  as  forced  waves  at  the  group  velocity  of  wind 
generated  waves.  Hence,  it  should  be  anticipated  that  these  wave 
motions  should  exist  somewhat  homogeneously  across  the  sea  surface 
provided  that  wind  waves  of  sufficient  amplitude  and  prescribed  fre¬ 
quency  exist. 

Analysis 

Synthetic  aperture  radar  provides  a  unique  perspective  from  which 
to  investigate  this  hypothesis,  namely  that  long-period  surf  beats 
are  generated  by  and  propagate  with  the  wind  wave  field.  The  nearly 
simultaneous  view  of  a  relatively  large  spatial  region  of  the  sea 
surface  provided  by  either  an  airborne  or  spaceborne  SAR,  affords  an 
ideal  measurement  tool  for  these  wave  motions.  To  examine  this  capa¬ 
bility,  the  results  of  both  the  SAR  two-dimensional  and  the  nearshore 
in-situ  wave  gauge  data  series  will  be  evaluated. 

Results  of  the  nearshore  step  resistance  wave  gauge  spectral 
analysis  have  indicated  several  well  defined  peaks  in  the  wind  wave 
range.  In  addition,  two  long-period  peaks  at  17.2  and  32.3  seconds 
respectively,  were  also  well  resolved.  A  poorly  resolved  spectral 
peak  is  also  apparent  at  approximately  59  seconds.  Linear  combina¬ 
tions  of  the  dominant  wind  wave  components  are  formed  in  Table  1  to 
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produce  their  respective  beat  periods.  It  may  be  noted  that  the 
dominant  wind  wave  components  of  5.6,  4.8  and  4.2  seconds  combine 
theoretically,  to  form  beats  of  16.8  and  33.6  seconds,  respectively. 
These  calculated  beat  periods  are  very  close  to  those  periods  re¬ 
solved  by  the  spectral  analysis  of  the  total  sixteen-minute  water 
surface  elevation  recorded  from  the  nearshore  wave  gauge.  It,  there 
fore  appears  that  forced  long-period  wave  motions  were  present  in 
the  nearshore  region  resulting  from  the  non-linear  interaction  of 
the  dominant  wind  wave  components. 

The  energy  associated  with  these  long-period  forced  waves  is  an 
order  of  magnitude  below  that  of  the  peak  in  the  wind  wave  spectra. 
Theoretical  calculations  of  the  maximum  mean  surface  deformation  from 
Eq.  (12)  suggest  a  forced  wave  height  of  approximately  0.38  m.  The 
energy  associated  with  the  forced  wave  would  be  approximately  a  fac¬ 
tor  of  8.4  less  than  that  associated  with  the  peak  wind  wave  compo¬ 
nent.  It  appears  that  long-period  wave  motion  in  the  nearshore  re¬ 
gion  is  present  with  both  a  period  and  an  amplitude  close  to  theo¬ 
retical  predictions. 

To  further  identify  these  long-period  wave  motions,  the  total 
sixteen-minute  water  surface  elevation  record  from  the  nearshore  wave 
gauge  was  band-pass  filtered  for  periods  between  15  and  200  seconds. 

A  representative  portion  of  the  original  water  surface  elevation 
record  and  its  associated  long-period  component  are  presented  in 
Figure  4.  This  series,  as  well  as  the  data  of  Meadows  (1977)  suggest 
that  the  mean  surface  level  is  180*  out  of  phase  with  the  wind  wave 
amplitudes.  As  theoretically  suggested,  this  implies  depressions  in 
the  water  surface  are  associated  with  groups  of  large  waves  and  long- 
period  elevations  of  the  water  surface  correspond  to  groups  of  low 
waves . 

Based  upon  these  considerations,  SAR  imagery  of  a  relatively 
large  region  of  the  sea  surface  should  also  exhibit  these  long-wave 
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features.  In  an  effort  to  investigate  this  potential  of  SAR,  a  man¬ 
ual  photo-interpretation  of  the  radar  image  film  was  performed.  A 
portion  of  the  X-band  (HH)  SAR  data  collected  over  the  Lake  Michigan 
test  site  is  presented  in  Figure  5.  The  image  extends  7.9  km  off¬ 
shore  and  is  5.6  km  wide.  Alternating  groups  of  large  and  small  wind 
wave  packets  can  be  readily  seen  across  this  image.  At  three  repre¬ 
sentative  locations  across  this  nearshore  imagery,  the  long-wave 
length  are  indicated  on  the  figure.  As  these  long  waves,  forced  by 
short-wave  groups,  propagate  shoreward,  both  wave  length  compression 
and  refraction  are  plainly  observable.  The  long  wavelengths  decrease 
from  approximately  510  m  (Area  B)  to  approximately  410  m  (Area  A). 
These  radar  observations  of  the  long  wave  components  of  surface  ele¬ 
vation  are  in  excellent  agreement  with  sea  truth  measurements  made 
at  the  outer  surf  zone. 

To  further  document  the  existence  and  propagation  characteristics 
of  these  SAR-sensed  long  wave  components,  a  conventional  two- 
dimensional  FFT  of  the  radar  backscattered  energy  was  performed. 

One  FFT  analysis  was  performed  in  both  the  offshore  and  nearshore 
regions  of  the  aircraft  swath.  The  SAR  FFTs  were  generated  by  the 
algorithm  described  by  Shuchman,  et  al .  (1979).  However,  in  this 
application,  only  the  long-wave  portion  of  the  spectrum  is  of  inter¬ 
est.  For  a  detailed  discussion  of  the  total  SAR-sensed  wave  spectra 
and  associated  sea  truth  see  Shuchman  and  Meadows  (1980).  A  summary 
of  the  general  sea  state  conditions  during  this  experiment  as  well 
as  a  comparison  of  the  SAR-derived  wind  generate  sea  spectral  esti¬ 
mates  to  sea  truth  are  presented  in  Table  2. 

In  the  offshore  region,  the  SAR-derived  spectral  analysis  re¬ 
solved  a  long-wave  component  with  energy  concentrated  at  a  wavelength 
of  approximately  511  m,  travelling  in  a  direction  of  025  ±3*T.  Sim¬ 
ilarly,  in  the  nearshore  region,  a  long-wave  component  of  408  m  wave¬ 
length  travelling  at  035  ±3*T  was  resolved.  The  nearshore  and  off¬ 
shore  two-dimensional  FFTs  are  shown  in  Figure  6  and  7  respectively. 
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Also  shown  on  each  of  the  figures  is  the  one-dimensional  plot  of  the 
low-frequency  components  versus  relative  energy.  These  estimates  of 
long-wave  characteristics  exhibit  two  important  properties.  First, 
the  long  wavelengths  are  in  excellent  agreement  with  the  representa¬ 
tive  offshore  wave  group  dimensions  derived  from  the  SAR  image  film. 
Second,  the  degree  of  observed  refraction  from  the  offshore  to  the 
nearshore  region  of  these  forced  long-period  wave  motions  is  also  in 
close  agreement  with  the  sea  truth  as  well  as  with  the  calculated 
wave  refraction  for  the  dominant  wind  wave  components.  A  comparison 
of  SAR-derived  and  sea  truth  wave  characteristics  are  presented  in 
Table  3. 


Furthermore,  the  two  directly  observed  quantities  which  determine 
the  propagation  of  these  SAR  and  sea  truth  sensed  long-period  wave 
motions  are  the  length  and  period  of  the  modulated  wave  group.  The 
lengths  of  the  dominant  long-period  waves  were  obtained  from  the  SAR- 
derived  two-dimensional  FFT.  Similarly,  the  periods  of  the  dominant 
long-wave  components  were  obtained  from  a  one-dimensional  spectral 
analysis  of  the  nearshore  wave  gauge  data.  By  combining  Eqs.  (4) 
and  (5),  the  celerity  of  these  modulated  long-period  waves  may  be 
expressed  as: 


(19) 


The  calculated  long-period  wave  celerity  utilizing  both  the  SAR  and 
wave  gauge  measured  dominant  long-period  wave  parameters,  results  in 
values  of  12.6  ms-1  and  15.8  ms-^  for  areas  A  and  B,  respective¬ 
ly.  It  is  interesting  to  note  that  assuming  these  long-period  waves 
are  propagating  as  shallow  water  waves  with  celerity  given  by 


C  *Vg<T  (20) 

long-period  wave  celerities  of  12.6  ms"^  and  16.8  ms*^  are  calculated 
for  areas  A  and  B,  respectively.  Based  on  this  close  agreement,  it 
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appears  that  these  observed  long-period  wave  motions  are  propagating 
as  shallow  water  waves  and  not  as  forced  waves  as  suggested  from 
theory.  This  apparent  discrepancy  arises  from  a  complex  interaction 
between  the  relatively  short,  steep,  locally  generated  waves  and  the 
shallow  bathymetry  of  this  region.  The  theoretical  formulation  em¬ 
ployed  in  this  study  is  based  upon  the  assumption  that  the  character 
of  the  SAR-sensed  modulated  sea  surface  is  a  function  of  aK  of  the 
wind  wave  components,  and  that  aK  <<  K-| .  Hence,  for  limited  fetch 
situations  such  as  the  conditions  of  this  study,  the  two  wind  wave 
components  separated  by  aK  do  not  explicitly  satisfy  the  mathematical 
constraint  of  aK  <<  K.j.  This  produces  a  modulated  long-period  wave 
which  is  not  completely  "phase  locked"  with  the  short  wave  compo¬ 
nents,  and  in  fact,  appears  to  propagate  as  a  shallow  water  wave. 

The  close  agreement  between  the  long-period  celerity  derived 
above,  and  that  predicted  for  a  shallow  water  wave  prompted  the 
inclusion  of  frequency  and  period  axes  on  the  various  plots  in 
Figures  6  and  7.  Recall  that  the  SAR  only  provides  a  spatial  measure 
of  waves,  threfore,  the  only  "true"  axes  in  Figures  6  and  7  is  that 
for  wavenumber.  The  frequency  and  period  axes  are  both  based  on  the 
shallow  water  wave  assumption  for  a  given  wavenumber.  They  are  not 
derived  from  any  physical  measurements. 

To  document  further  the  existence  and  character  of  the  SAR-sensed 
long-period  wave  motions,  one-dimensional  scans  of  the  raw  radar 
backscatter  were  obtained.  One  spatial  series  consisting  of  512 
digital  values  sampled  at  three  meters,  was  obtained  from  each  of 
the  two  regions  where  the  two-dimensional  FFT  analysis  was  performed. 
Area  A  was  centered  2650  meter  offshore  and  Area  B  was  centered  at 
5800  meters  offshore.  The  total  series  of  radar  backscatter  as  well 
as  their  associated  band-pass  filtered  (177-1180  m.  Area  A  and 
249-1660  m.  Area  B)  long-period  components  are  presented  in  Figure  8. 
Once  again  long-period  oscillations  of  the  radar  backscatter  inten¬ 
sity  are  clearly  visible,  with  maximum  radar  return  occurring  in 
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phase  with  peaks  of  the  long-period  oscillations  (i.e.,  groups  of 
large  wind  waves).  These  SAR-sensed,  long-perod  oscillations  repre¬ 
sent  approximatey  a  1.5  dB  change  in  radar  backscatter  intensity  from 
crest-to-trough.  The  dynamic  range  of  the  total,  unfiltered  radar 
backscatter  intensity  is  approximately  5.2  dB.  Hence,  the  energy 
associated  with  these  radar-sensed  long-period  oscillations  is 
approximately  a  factor  of  2.3  less  than  the  energy  of  the  radar  back¬ 
scatter  associated  with  the  wind  wave  components  of  the  sea  surface 
structure. 


SUMMARY 

It  appears  that  a  direct  correlation  exists  between  the  amplitude 
of  these  long-period  wave  motions,  as  sensed  in-situ,  and  the  long- 
period  component  of  the  radar  backscatter.  From  the  sea  truth  mea¬ 
surements,  the  ratio  of  short-period  wave  to  long-period  wave  mean 
amplitude  is  5.4.  Similarly  for  the  radar  sensed  long-period  oscil¬ 
lation  this  ratio  is  approximately  6.0.  Kasischke  (1980)  has  re¬ 
ported  a  linear  relationship  between  SEASAT  SAR  modulation  depth 
(crest-to-trough  intensity)  and  wave  height. 

Investigation  of  the  information  contained  in  the  backscatter  of 
microwave  energy  from  the  sea  surface  can  provide  detailed  and  nearly 
synoptic  coverage  of  relatively  large  portions  of  the  ocean  surface. 
To  illustrate  this  unique  capability,  a  three-dimensional  represen¬ 
tation  of  a  portion  of  a  SAR-sensed  sea  surface  is  presented  in 
Figure  9  which  depicts  the  long-period  undulations  present  in  study 
area  B.  This  plot  was  produced  from  the  SAR  digital  data  by  extract¬ 
ing  6  isorange  lines  of  5  pixels  each,  averaging  these  5  pixels,  in 
effect,  to  smooth  in  the  range  direction.  These  lines  were  then 
bandpass  filtered  for  wavelengths  lying  between  249  and  1660  m 
(15-200  seconds),  this  filtered  output  was  then  used  as  input  to  a 
perspective  view  plotting  program. 
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It  is  clear  from  this  plot  that  long-period  waves  are  present  in 
this  area.  However,  care  should  be  exercised  in  interpreting  what 
information  this  plot  contains.  This  is  merely  a  convenient  graphi¬ 
cal  technique  that  shows  the  long-period  components,  not  a  detailed 
analysis  technique. 

This  paper  has  demonstrated  that  a  synoptic  remote  sensing  device 
such  as  SAR  has  the  ability  to  successfully  image  low-amplitude, 
long-period  signals  (surf  beats).  The  analysis  techniques  utilized 
to  extract  this  information  from  the  SAR  data,  include: 

1.  a  manual  photographic  interpretation; 

2.  one-  and  two-dimensional  spectral  analyses  employing  FFT 
techniques;  and 

3.  extraction  of  band-pass  filtered  long-period  components  from 
radar  backscatter  plots. 

It  should  be  mentioned  when  utilizing  SAR  data  such  as  presented  in 
this  paper  that  the  spectral  estimates  presented  are  wavenumber, 
directional  spectra  of  the  radar  return  intensity.  The  data  does 
not  represent  wave  height  information  in  a  direct  sense.  SAR  inten¬ 
sities  (i.e.,  crest-to-trough  modulation)  have  been  successfully 
correlated  to  wave  height,  but  the  exact  mathematical  modulation 
transfer  function  (i.e.,  SAR  gravity  wave  imaging  mechanism)  is  not 
totally  understood  at  the  present  time. 
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TABLE  1 

CALCULATED  BEAT  PERIODS 


Input 

Components 

(sec) 

5.6 

4.8 

4.2 

5.6 

— 

33.6 

16.8 

4.8 

— 

— 

33.6 

4.2 

— 

— 

— 

3.0 

— 

— 

— 

2.6 

_ 

_ 
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TABLE  2 

COMPARISON  BETWEEN  THE  SAR-OERIVEO  SURF  ZONE 
CONDITIONS  AND  THE  IN-SITU  SEA  TRUTH 


SAR  Derived  Sea  Truth* 


Distance 
from  Shore 
(m) 

Depth 

(m) 

Dominant 
Short-P eriod 
Wavelengths 
(m) 

Direction 

(T“) 

Dominant 
Short-Period 
Wavelen gths 
(m) 

Direction 
(T* ) 

48 

48 

900 

10.5 

43 

35  ±  3 

44 

34  ±  2 

54 

2200 

14.0 

55 

30  ±  3 

44 

30  *  2 

55 

55 

4600 

27.0 

43 

25  *  3 

46 

28  *  2 

48 

55 

55 

6900 

31.0 

48 

25  *  3 

46 

28  *  2 

*Actual  measurements  made  at  surf  zone;  values  for  test  areas 
are  depth  corrected  (Shuchman  and  Meadows,  1980). 
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FIGURE  LEGEND 


1.  Schematic  Representation  of  the  Forced  Long-Period  Modulation  of 
the  Surface  Resulting  from  Short  Wind-Generated  Wave  Component 
Interactions  (from  Longuet-Higgins  and  Stewart,  1962). 

2.  General  Study  Area  Showing  Nearshore  Bathymetry  and  Location  of 
Fast  Fourier  Transformed  SAR  Data. 

3.  One-Dimensional  Wave  Height  Spectrum  of  Water  Surface  Elevation 
Time  History  from  Resistance  Wave  Gauge.  Dominant  Wave  Periods 
are  Identified. 

4.  Representative  Section  of  16-Minute  Time  History  of  Water  Elevation 
Data  from  Resistance  Wave  Gauge.  Also  Shown  is  the  Corresponding 
15-200-Second  Band- Pass  Filtered  Data. 

(Note  the  negative  correlation  [180°  phase  shift]  between  the  wind 
wave  amplitudes  and  the  mean  surface  level.) 

5.  X-Band  (HH)  SAR  Image  of  Test  Site  Showing  Long-Period  Wave  Components. 

6.  SAR-Derived  Two-Dimensional  Spectral  Estimate  (Nearshore). 

(Note:  Negative  wave  numbers,  frequencies,  and  periods  are 
included  due  to  the  symmetric  nature  of  a  2-D  FFT.  The 
frequency  and  period  axes  assumes  shallow  water  waves,  see 
text  for  further  explanation.) 

7.  SAR-Derived  Two-Dimensional  Spectral  Estimate  (Offshore). 

(Note:  Negative  wave  numbers,  frequencies,  and  periods  are 
included  due  to  the  symmetric  nature  of  a  2-D  FFT.  The 
frequency  and  period  axes  assumes  shallow  water  waves,  see 
text  for  further  explanation.) 

8.  Filtered  and  Unfiltered  Radar  Transects  for  Both  Near  and  Offshore 
Study  Sites. 

9.  Perspective  Plot  of  Offshore  Area  B  showing  Filtered  Long-Period 
Components . 
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THE  FORCED  LONG-PERIOD  MODULATION  OF  THE 
'  WIND  GENERATED  WAVE  COMPONENT  INTERACTIONS 
'EWART,  1962) 


86°30*  N 


FIGURE  2.  GENERAL  STUDY  AREA  SHOWING  NEARSHORE  BATHYMETRY  AND  LOCATION  OF 
FAST  FOURIER  TRANSFORMED  SAR  DATA. 
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FIGURE  3.  ONE  DIMENSIONAL  WAVE  HEIGHT  SPECTRUM  OF  WATER  SURFACE  ELEVATION 
TIME  HISTORY  FROM  RESISTANCE  WAVE  GAUGE.  DOMINANT  WAVE  PERIODS 
ARE  IDENTIFIED. 
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FIGURE  6.  SAR-DERIVED  TWO-DIMENSIONAL  SPECTRAL  ESTIMATE  (NEARSHORE). 

(Note:  Negative  wave  numbers,  frequencies,  and  periods 
are  included  due  to  the  symmetric  nature  of  a  2-D  FFT. 

The  frequency  and  period  axes  assumes  shallow  water  waves, 
see  text  for  further  explanation.) 


Wdve  Number 


-0.10  Wave  Number  <x  0.10 
-0.27  Frequency  (Hz)  0.27 
-3. 75  Period  (sec)  3.75 
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FIGURE  7.  SAR-OERIVED  TWO-DIMENSIONAL  SPECTRAL  ESTIMATE  (OFFSHORE). 

(Note:  Negative  wave  numbers,  frequencies,  and  periods 
are  included  due  to  the  symmetric  nature  of  a  2-D  FFT. 

The  frequency  and  period  axes  assumes  shallow  water  waves, 
see  text  for  further  explanation.) 
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FIGURE  8.  FILTERED  AND  UNFILTERED  RADAR  TRANSECTS 
NEAR  AND  OFFSHORE  STUDY  SITES. 
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Wind  Wave  Directions  Determined  From  Synthetic  Aperture 
Radar  Imagery  and  From  a  Tower  in  Lake  Michigan 

David  J.  Schwab,1  Robert  A.  Shuchman,2  and  Paul  C.  Liu1 


Directional  wave  spectra  calculated  from  digitized  synthetic  aperture  radar  (SAR)  images  of  waves  on 
Lake  Michigan  are  compared  to  a  wave  directional  spectrum  determined  from  measurements  taken  at  a 
tower  and  to  a  one-dimensional  spectrum  determined  from  a  Waveridcr  buoy.  The  comparison  is  within 
one  frequency  band  for  peak  energy  frequency  and  within  20°  for  direction,  but  the  SAR  image  intensity 
spectrum  does  not  have  the  same  shape  as  a  wave  height  spectrum.  Wave  refraction  directions  observed 
in  the  SAR  spectra  are  within  10°  of  classical  wave  refraction  calculations. 


INTRODUCTION 

Directional  wave  spectra  have  been  measured  by  a  variety 
of  techniques  and  instruments  since  the  pioneering  work  of 
Barber  [1954,  1963],  Cote  et  at.  [1960],  and  Longuet- Higgins  et 
al.  [1963],  Early  measurements  were  made  with  pitch  and  roll 
buoys  or  wave  staff  arrays.  More  recently,  remote  sensing 
techniques  have  been  used.  The  principles  behind  in  situ  and 
remote  sensing  techniques  are  so  different  that  the  two  meth¬ 
ods  have  rarely  been  carefully  compared.  This  paper  intends 
to  meet  that  need. 

Synthetic  aperture  radar  (SAR)  has  been  used  to  image 
ocean  waves  over  large  areas  from  both  conventional  aircraft 
[Elachi,  1976;  Shuchman  and  Zelenka,  1978;  Shemdin  et  al., 
1978]  and  from  satellites  [ Gonzalez  et  al.,  1979].  Image  resolu¬ 
tion  does  not  depend  on  antenna  aperture  size  or  altitude,  as 
with  real  aperture  radar,  or  external  illumination,  as  with  pho¬ 
tography.  SAR  images  have  then  been  used  to  determine 
wave  direction  and  wavelength.  Although  the  imaging  mecha¬ 
nism  has  not  been  explained  completely,  the  forward  face  and 
rear  face  of  sufficiently  large  waves  exhibit  different  scattering 
characteristics  at  SAR  wavelengths  and  can  be  distinguished 
in  SAR  imagery. 

The  Environmental  Research  Institute  of  Michigan  (ERIM) 
has  been  acquiring  and  processing  SAR  data  from  aircraft  for 
several  years  [ Cindrich  et  al,  1977].  In  October  1977  ERIM 
acquired  SAR  data  on  a  flight  across  Lake  Michigan  between 
Muskegon,  Michigan,  and  Milwaukee,  Wisconsin.  At  this 
time  the  Great  Lakes  Environmental  Research  Laboratory 
(GLERL)  was  operating  a  solar-powered  research  tower  1.8  km 
off  Muskegon  capable  of  measuring  and  recording  wind,  tem¬ 
perature,  and  directional  wave  information  [Schwab  et  al, 
1980].  A  sample  of  the  SAR  imagery  showing  the  location  of 
the  GLERL  tower  is  presented  in  Figure  1.  In  addition,  a  Wa- 
verider  buoy  was  deployed  12  km  offshore  of  Muskegon.  The 
purpose  of  this  paper  is  to  compare  SAR  wave  directional 
measurements  to  in  situ  wave  directional  spectra  at  the 
GLERL  reserach  tower  and  one-dimensional  spectra  at  the 
Waverider  buoy  and  to  examine  the  variability  of  the  direc¬ 
tional  wave  spectrum  across  the  lake.  In  so  doing,  we  hope  to 
show  that  the  combination  of  in  situ  and  remotely  sensed 

1  National  Oceanic  and  Atmospheric  Administration,  Great  Lakes 
Environmental  Research  Laboratory,  Ann  Arbor,  Michigan. 

2  Radar  and  Optics  Division,  Environmental  Research  Institute  of 
Michigan,  Ann  Arbor,  Michigan. 
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wave  information  is  a  powerful  tool  in  gaining  a  better  under¬ 
standing  of  wave  processes. 

Data 

On  October  6,  1977,  at  approximately  1 130  h  EST  ERIM’s 
C46  aircraft  carrying  the  X-L  band  dual  polarization  imaging 
radar  [ Rawson  et  al.,  1975]  flew  west  over  Muskegon  across 
Lake  Michigan  to  Milwaukee  along  a  latitude  of  43° 1079  and 
then  from  Milwaukee  back  to  Muskegon.  The  ground  track 
corresponds  to  the  tails  of  the  numbered  arrows  in  Figure  2. 
The  ERIM  SAR  system  records  four  channels  of  radar  return, 
but  we  will  focus  our  attention  here  on  the  X  band  horizontal- 
transmit  horizontal-receive  channel,  as  these  data  provided 
the  clearest  wave  images.  L  band  SAR  has  been  used  to  image 
ocean  waves  from  aircraft  and  the  Seasal  satellite,  but  in  the 
present  case  the  wave  images  from  the  L  band  system  were 
not  clear  enough  to  warrant  further  processing.  The  aircraft 
flew  at  3500  m  and  operated  the  radar  with  an  average  angle 
of  depression  from  the  horizontal  of  30°,  yielding  a  swath 
width  of  5.6  km.  The  cross-track  or  range  resolution  of  SAR  is 
limited  by  radar  frequency  and  is  about  2  m  for  the  X  band. 
The  along-track  or  azimuth  resolution  is  obtained  from  the 
synthetic  aperture  technique  described  by  Brown  and  Porcello 
[1968]  during  subsequent  processing  on  the  ERIM  optical 
processor.  For  the  X  band,  the  azimuthal  resolution  is  about 
2.5  m. 

At  the  same  time  as  the  ERIM  flight,  GLERL  was  oper¬ 
ating  a  solar  powered  research  tower  1.8  km  offshore  of  Mus¬ 
kegon  in  15  m  of  water  [Schwab  et  al,  1980].  The  location  is 
shown  in  Figure  1  and  corresponds  to  the  arrow  labeled  I  in 
Figure  2.  The  tower  operated  from  July  19,  1977,  to  October 
11,  1977.  Sensors  on  the  tower  measured  wind  speed  at  two 
levels,  wind  direction,  air  and  water  temperature,  and  direc¬ 
tional  wave  information  from  an  array  of  four  Zwarts  water 
level  gages  [Zwarts,  1974],  Data  were  transmitted  to  a  shore- 
based  recording  station  at  half-second  intervals  for  30  min  out 
of  each  hour.  The  water  level  gages  were  deployed  at  the  ver¬ 
tices  and  center  of  an  equilateral  triangle  with  3  m  sides.  The 
wave  gage  at  the  eastern  vertex  failed  on  September  2,  1977, 
so  that  at  the  time  of  the  ERIM  flight  only  three  gages  were 
operating.  The  three-gage  array  can  unambiguously  deter¬ 
mine  wave  direction  for  wavelengths  greater  than  about  6  m. 

In  addition,  a  Waverider  buoy  continuously  recording  wave 
fluctuations  was  deployed  by  GLERL  12  km  offshore  of  Mus¬ 
kegon  in  75  m  of  water.  Its  location  corresponds  to  the  arrow 
labeled  3  in  Figure  2.  No  directional  information  is  available 
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Tower 


Fig.  1.  Synthetic  aperture  radar  imagery  of  wind  waves  in  Lake  Michigan  on  October  6,  1977,  offshore  of  Muskegon, 

Michigan. 


Fig.  2.  Wind  and  wave  observations  on  October  6,  1977,  1200- 
1300  h  EST.  Wind  speed  and  direction  are  from  Coast  Guard  and 
National  Weather  Service  stations.  Wavelength  and  direction  are 
from  directional  spectra  of  the  digitized  sections  of  synthetic  aperture 
radar  imagery  indicated  in  Tables  I  and  2. 


from  the  buoy,  but  the  one-dimensional  wave  spectrum  can 
be  determined  from  the  recorded  water  level  fluctuations. 

Methods 

Twelve  sections  of  SAR  images  were  digitized  with  an  ap¬ 
proximate  resolution  of  3  m  (I.S-m  pixels).  Four  sections  were 
from  the  westbound  flight  and  eight  from  the  eastbound,  as  in¬ 
dicated  in  Table  I.  The  sections  are  numbered  east  to  west, 
with  sections  8  and  9  overlapping.  (See  Figure  2).  The  range 
coordinate  of  each  section  was  corrected  in  a  computer  pro¬ 
gram  for  slant-to-ground  range  radar  geometry  I Feldkamp , 
1978).  Then  768-m  square  subsections,  with  a  resolution  of  3 


Fig.  3.  Wind  wave  spectrum  determined  from  Waverider  buoy  data 
on  October  6,  1977,  1200  h  EST. 
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m  centered  on  the  coordinates  shown  in  Table  1,  were  ex¬ 
tracted  from  the  digitized  sections.  Section  1  corresponded  to 
the  location  of  the  GLERL  tower  and  section  3  to  the  location 
of  the  Waverider  buoy.  In  section  1,  one  subsection  east  of  the 
tower  (la)  and  one  subsection  west  of  the  tower  (Ic)  were 
taken  in  addition  to  one  centered  on  the  tower  (lb)  to  exam¬ 
ine  refraction  effects. 

The  1 .5-m  pixel  digitized  SAR  images  were  converted  to  3 
m  resolution  by  4  pixel  averaging  to  increase  coherence  in  the 
image.  The  average  value  of  each  azimuthal  line  was  sub¬ 
tracted  from  the  line  to  remove  the  trend  of  intensity  falloff 
with  increasing  range  distance.  Two-dimensional  fast  Fourier 
transforms  were  performed  on  each  2S6  x  256  cell  subsection 
to  yield  raw  directional  wave  number  spectra  each  with  a 
Nyquist  wave  number  of  1.04  m_l.  The  raw  spectra  were 
smoothed  by  replacing  each  value  with  the  average  of  the  sur¬ 
rounding  5x5  cell.  The  approximate  number  of  degrees  of 
freedom  for  the  resulting  spectrum  is  142  ( Kinsman ,  1965,  p. 
464].  The  99%  confidence  limits  are  then  ±1.5  dB  ]  Jenkins  and 
Watts,  1968], 

To  calculate  a  directional  wave  spectrum  at  the  GLERL  re¬ 
search  tower,  wave  slopes  were  determined  for  10  min  of  data 
as  the  slopes  of  the  plane  passing  through  the  measured  loca¬ 
tions  of  the  water  surface  at  the  three  operating  gages.  Wave 
height  was  taken  as  the  average  of  the  measurements  of  the 
three  gages.  Since  wave  measurements  were  at  ]-s  intervals, 
the  Nyquist  frequency  for  tower  spectra  was  I  Hz.  The  first 
five  Fourier  coefficients  of  the  angular  distribution  of  energy 
in  20  frequency  bands  between  0  and  1  Hz  were  calculated 
from  the  wave  height  and  wave  slope  records  by  the  method 
described  in  Longuet-Higgins  et  al.  [1963],  The  calculated 
wave  directional  spectrum  has  approximately  120  degrees  of 
freedom  with  99%  confidence  limits  of  ±1.5  dB. 

It  is  important  to  remember  that  the  energy  spectrum  de¬ 
rived  from  SAR  imagery  is  an  image  intensity  spectrum  and 
not  a  wave  height  spectrum.  The  relationship  between  SAR 
image  intensity  and  wave  height  is  still  being  investigated 
| Jain,  1977;  Shuchman  et  al,  1979],  The  directional  spectrum 
determined  from  wave  staiT  data,  although  it  may  not  have  the 
directional  resolving  power  of  the  SAR  spectrum,  is  a  true 
wave  height  spectrum. 

Results 

The  wave  number  and  direction  corresponding  to  the  peak 
energy  point  in  each  of  the  14  SAR  spectra  are  presented  in 


TABLE  I.  Location  of  SAR  Directional  Spectra 


Section 

Flight 

Leg 

Sub¬ 

section 

Distance 
From  Mus¬ 
kegon  Shore, 
km 

Average 

Water 

Depth, 

m 

Time,  h, 
EST 

la 

1.01 

8 

1 

E 

lb 

1.78 

15 

1235 

1c 

2.55 

18 

2 

E 

2 

7.05 

35 

1233 

3 

E 

3 

12.32 

66 

1232 

4 

E 

4 

26.10 

110 

1230 

5 

E 

5 

39.87 

103 

1227 

6 

E 

6 

53.65 

96 

1224 

7 

E 

7 

67.43 

83 

1221 

8 

E 

8 

81.21 

75 

1218 

9 

W 

9 

81.21 

75 

1146 

10 

XV 

10 

94.98 

82 

1149 

II 

w 

II 

108.76 

96 

1152 

12 

w 

12 

118.45 

75 

1154 

TABLE  2.  Peak  Energy  Wave  Number  and  Direction  from  SAR 
Directional  Spectra 


Subsection 

Wave  number,  m  1 

Direction, 

“True 

Uncorrected 

Corrected 

Uncorrected 

Corrected 

la 

0.130 

0.141 

3Ci 

303 

lb 

0.133 

0.142 

321 

317 

Ic 

0.120 

0.127 

325 

32) 

2 

0.147 

0.151 

342 

336 

3 

0.117 

0.123 

333 

328 

4 

0.123 

0.129 

344 

339 

5 

0.117 

0.1  II 

350 

345 

6 

0.123 

0.126 

348 

343 

7 

0.140 

0.143 

349 

344 

8 

0.150 

0.152 

354 

349 

9 

0.133 

0.136 

9 

15 

10 

0.137 

0.140 

11 

16 

II 

0.123 

0  126 

8 

14 

(2 

0.294 

0.296 

5 

9 

Table  2.  The  SAR  process  distorts  the  apparent  wavelength  of 
waves  moving  in  the  azimuthal  direction  and  distorts  the  ap¬ 
parent  direction  of  waves  with  a  velocity  component  in  the 
range  direction.  A  detailed  description  of  these  effects  and  the 
appropriate  corrections  can  be  found  in  Shuchman  el  al. 
[1977],  Corrected  values  of  wive  number  and  direction  based 
on  the  perceived  values  are  also  shown  in  Table  2.  Wave¬ 
lengths  range  from  21  m  at  section  12  to  53  m  at  section  5. 
There  is  a  180°  ambiguity  in  wave  direction  measured  by 
SAR,  which  was  resolved  by  assuming  the  waves  were  coming 
from  the  same  quadrant  as  the  wind. 

A  graphical  illustration  of  the  results  shown  in  Table  2  is 
presented  in  Figure  2,  along  with  wind  speed  and  direction 
observations  from  Coast  Guard  and  National  Weather  Serv¬ 
ice  stations  around  the  lake.  Wavelengths  in  Figure  2  corre¬ 
spond  to  corrected  wave  numbers  in  Table  2.  and  directions 
correspond  to  corrected  directions.  Wave  directions  deter¬ 
mined  from  SAR  imagery  are  consistent  with  observed  wind 
directions.  Waves  and  wind  are  north-northeast  on  the  west¬ 
ern  side  of  the  lake  and  north-northwest  on  the  eastern  side. 
However,  the  wave  direction  for  section  8  on  the  easlbound 
leg  of  the  flight  is  26°  different  from  the  wave  direction  deter¬ 
mined  for  the  same  location  (section  9)  on  the  westbound  leg. 
Note,  however,  that  section  8  was  imaged  32  min  later  than 
section  9. 

Wind  at  the  GLERL  tower  was  288°  and  6.5  m/s  at  10  m 
and  5.7  m/s  at  5  m.  Air  temperature  was  5.8°C  and  water 
temperature  7. 1  °C,  indicating  a  slightly  unstable  atmospheric 
boundary  layer  over  the  lake.  Significant  wave  height  was  0.99 
m.  The  one-dimensional  wind  wave  spectrum  (Figure  3)  cal¬ 
culated  from  Waverider  buoy  data  near  section  3  showed  an 
energy  peak  at  0.179  Hz  and  a  significant  wave  height  of  1.03 
m. 

The  directional  frequency  spectrum  obtained  from  the 
GLERL  research  tower  data  and  the  directional  wave  number 
spectrum  obtained  from  ERIM  SAR  imagery  are  compared  in 
Figure  4.  The  frequency  spectrum  shows  an  energy  peak  at 
0.21 1  Hz  and  300°.  As  indicated  in  Table  2.  the  wave  number 
spectrum  has  a  peak  at  0.142  m  '  and  317°.  Because  of  the 
180°  directional  ambiguity  in  analyzing  images  of  waves,  the 
wave  number  spectrum  is  symmetric  about  the  origin.  The 
wave  number  spectrum  in  Figure  4  is  uncorrected  for  wave 
motion  effects  discussed  above,  but  as  shown  in  Table  2.  these 
corrections  are  small.  There  is  still  a  large  amount  of  energy  at 
zero  wave  number  owing  to  imperfect  removal  of  the  intensity 
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Fig.  4.  (a)  Directional  frequency  spectrum  of  wave  height  determined  from  wave  research  tower  measurements,  and 
(b)  directional  wave  number  spectrum  of  image  intensity  determined  from  synthetic  aperture  radar  image.  Contour  levels 
of  the  logarithm  of  spectral  density  are  shown  in  S-dB  increments  relative  to  the  maximum  density. 


fallofT  in  the  range  direction.  There  is  also  an  increase  in  en¬ 
ergy  at  all  wave  numbers  as  the  direction  approaches  the 
range  direction  (north-south).  The  energy  lobes  in  the  wave 
number  spectrum  are  more  elongated  in  the  north-south  di¬ 
rection  than  those  in  the  frequency  spectrum  and  show  less  di¬ 
rectional  spreading.  The  reasons  for  these  differences  will  be 
discussed  in  the  next  section. 

Discussion 

The  peak  energy  wave  number  calculated  from  SAR  data 
at  subsection  lb  corresponds  to  a  wave  frequency  of  0.196  Hz. 
This  is  within  the  frequency  band  of  peak  energy  calculated 
from  the  wave  gages,  0.185-0.238  Hz.  Empirical  formulas  for 
the  peak  energy  frequency  of  fetch  limited  equilibrium 
spectra  with  a  fetch  of  125  km  (appropriate  for  the  wind  direc¬ 
tion  measured  at  the  tower)  and  10-m  wind  speed  of  6.5  m/s 
give  0. 178  Hz  according  to  Hasselmann  et  al.  [1973]  and  0. 198 
Hz  according  to  Liu  [1971],  Measurements  from  SAR  and 
from  tower  wave  gages  are  both  consistent  with  these  esti¬ 
mates  of  peak  energy  frequency.  At  section  3,  the  average 
peak  energy  wave  number  determined  from  the  three  SAR 
spectra  is  0.124  m1.  The  corresponding  wave  frequency  of 
0.175  Hz  also  agrees  very  well  with  the  peak  energy  frequency 
of  0.179  Hz  determined  from  the  V/averider  spectrum  (Figure 
3).  From  these  comparisons  it  is  apparent  that  the  frequency 
of  peak  energy  waves  determined  from  SAR  imagery  is  con¬ 
sistent  with  both  types  of  in  situ  measurements. 


The  discrepancy  in  peak  energy  wave  direction  between 
SAR  and  tower  systems,  317°  versus  300°,  is  within  accept¬ 
able  directional  resolution  limits  for  both  the  three-gage  tower 
system  and  the  SAR  system.  The  directional  spreading  of  en¬ 
ergy  in  the  tower  spectrum  in  Figure  4,  which  conforms  in 
general  to  previously  published  directional  wave  spectra  [e.g., 
Mitsuyasu  et  al.,  1975],  differs  somewhat  from  the  spreading  in 
the  SAR  spectrum.  In  this  case  the  directional  resolution  of 
the  SAR  system  is  probably  better  than  a  three-gage  array, 
and  therefore  the  SAR  spectrum  shows  less  directional 
spreading.  In  the  SAR  spectrum  the  energy  lobes  correspond¬ 
ing  to  waves  are  elongated  in  the  north-south  direction  and  not 
spread  azimuthally  as  in  the  tower  spectrum.  We  believe  that 
this  feature  is  due  to  range  traveling  artifacts  introduced  into 
the  SAR  image  by  multiple-velocity  range  traveling  scatterers. 
The  artifacts  appear  in  the  SAR  image  as  bright,  east-west 
(azimuthal)  streaks  6-60  m  long  and  rather  randomly  distrib¬ 
uted  in  space.  The  effect  of  this  type  of  noise  on  a  directional 
spectrum  calculated  from  a  digitized  image  is  to  introduce  en¬ 
ergy  at  all  wavelengths  and  at  directions  near  the  range  direc¬ 
tion,  north-south  in  this  case.  We  speculate  that  each  artifact 
is  due  to  radar  return  from  a  whitecap  that  appears  to  the  ra¬ 
dar  as  a  scatterer  with  a  range  of  velocities.  In  the  SAR  imag¬ 
ing  process,  a  scatterer  with  a  component  of  velocity  in  the 
range  direction  is  displaced  on  the  image  in  the  azimuthal  di¬ 
rection  by  an  amount  proportional  to  its  range  component  of 
velocity  [Raney,  1971].  If  the  scatterer  appears  to  have  a  vari- 
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Fig.  5.  Contour  plots  of  SAR  spectra  in  3-dB  increments  relative  to  the  maximum  density  for  subsections  la,  lb,  and 
Ic,  showing  effects  of  wave  refraction.  The  radial  lines  on  each  spectrum  correspond  to  wave  directions  calculated  for  the 
depths  at  the  edges  of  each  subsection. 
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ety  of  velocities,  its  image  will  be  displaced  various  propor¬ 
tional  amounts  and  will  appear  as  a  streak  in  the  azimuthal 
direction.  This  is  a  common  feature  of  SAR  images  of  the 
breaker  zone.  The  recorded  wind  speed  of  6.S  m/s  in  an  un¬ 
stable  atmosphere  is  approximately  the  critical  speed  for  initi¬ 
ation  of  whitecapping  in  the  Great  Lakes  according  to  Mon¬ 
ahan  (1969).  It  appears  that  the  whitecaps  are  responsible  for 
the  resulting  range  traveling  image  artifacts  and  resultant  con¬ 
tamination  of  the  wave  number  spectrum. 

If  we  take  328°  true  as  the  mean  direction  of  waves  incident 
on  the  Muskegon  shore  (the  average  direction  of  section  3) 
and  0.211  Hz  (as  measured  at  the  tower)  as  the  wave  fre¬ 
quency,  wave  refraction  can  be  observed  in  the  SAR  direc¬ 
tional  spectra.  Contour  plots  (given  in  3  dB  levels)  of  the  di¬ 
rectional  spectra  for  subsection  la,  lb,  and  lc  are  shown  in 
Figure  5.  Also  drawn  on  the  figure  are  classical  refraction  di¬ 
rections  calculated  for  depths  corresponding  to  the  edges  of 
each  subsection.  ( Kinsman  { 1 965]  gives  a  typical  example  of 
refraction  calculations  on  pages  156—167.)  For  example,  the 
two  lines  drawn  on  the  contour  plot  of  subsection  la  represent 
angles  of  295°  and  325°,  the  wave  directions  predicted  by 
classical  methods  assuming  depths  of  4  and  14  m,  respectively. 
The  entire  wave  spectrum  should  be  corrected  for  refraction 
for  a  proper  comparison,  but  the  spectra  in  Figure  3  are  so 
peaked  that  the  single  component  refraction  calculations  are  a 
good  approximation. 

Figure  5  indicates  that  the  SAR  spectra  are  sensitive  to  re¬ 
fraction  effects.  Also  given  on  the  figure  is  the  wave  refraction 
angle  assuming  the  average  depth  of  each  of  the  subsections. 
When  these  directions  are  compared  to  the  Table  2  results,  the 
SAR  data  have  a  tendency  to  show  more  refraction  than  was 
predicted,  but  the  tendency  is  in  the  right  direction,  and  10” 
can  still  be  considered  good  agreement. 

The  SAR  wave  number  spectra  shown  in  Figures  3  and  5 
are  typical  of  all  14  SAR  spectra.  Spectra  from  the  middle  of 
the  lake  (sections  5-9)  have  wave  energy  lobes  of  somewhat 
greater  magnitude  relative  to  the  background  noise  and  show 
more  of  the  features  that  appear  in  the  tower  wave  frequency 
spectrum,  such  as  a  steep  forward  lace  and  more  directional 
energy  spread.  The  SAR  spectrum  is  of  course  a  wave  number 
spectrum  of  radar  return  intensity  and  is  not  expected  to  have 
the  same  appearance  as  the  directional  frequency  spectrum 
determined  from  wave  heights.  Even  if  the  wave  number  spec¬ 
trum  is  converted  to  a  frequency  spectrum  or  vice  versa,  it  is 
clear  that  the  SAR  spectra  examined  here  cannot  be  easily 
transformed  to  or  interpreted  as  wave  height  spectra.  How¬ 
ever,  the  peak  energy  wave  number  and  direction  determined 
from  SAR  spectra  agree  very  well  with  in  situ  measurements, 
and  the  synoptic  availability  of  even  these  parameters  is  pro¬ 
hibitively  expensive  by  ground-based  measurements. 


Conclusions 

Directional  spectra  calculated  from  synthetic  aperture  radar 
(SAR)  data  of  Lake  Michigan  have  been  compared  to  an  in 
situ  directional  spectrum  from  the  GLERL  research  tower 
and  to  a  one-dimensional  spectrum  from  a  Waverider  buoy. 
The  comparisons  were  favorable,  indicating  SAR’s  ability  to 
image  accurately  wind-generated  water  waves.  In  addition  to 
data  collected  over  the  tower  and  Waverider  buoy,  data  were 
continually  collected  across  Lake  Michigan  in  both  directions. 
These  data  represent  a  synoptic  view  of  wind  waves  across  the 


entire  width  of  Lake  Michigan  and  should  prove  very  useful 
to  those  modeling  waves  on  the  Great  Lakes. 

The  major  caveat  about  using  directional  spectra  from  SAR 
data  is  that  the  SAR  spectral  estimates  are  proportional  to  ra¬ 
dar  return  intensity  and  not  wave  energy.  The  data  do  not 
represent  wave  height  information,  at  least  not  in  a  recogniz¬ 
able  form.  The  modulation  transfer  function  (i.e.,  SAR  grav¬ 
ity  wave  imaging  mechanism)  is  not  totally  understood  at  the 
present  time.  The  determination  of  the  transfer  function,  as 
well  as  determination  of  wave  height,  using  SAR  data  will  be 
a  major  scientific  advance,  for  at  that  time  SAR  gravity  wave 
data  can  be  used  to  obtain  power  density  estimates  of  the  sea 
surface.  Until  this  is  accomplished,  SAR  wave  directional 
measurements  must  be  accompanied  by  either  in  situ  (wave 
staff  or  Waverider)  or  remotely  sensed  (laser  altimeter)  mea¬ 
surements  to  give  an  estimate  of  wave  height. 
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1.  ABSTRACT 

The  usual  operation  of  a  Synthetic  Aperture  Radar  (SAR)  assumes 
that  the  sensor  platform  moves  at  a  constant  velocity  along  a  straight 
line  and  that  objects  to  be  imaged  are  stationary.  The  relative 
motion  between  the  sensor  and  the  objects  produces  a  systematic  set 
of  Doppler  frequencies  which  varies  as  the  objects  pass  through  the 
radar  beam.  These  Doppler  histories  are  recorded  and  processed  to 
produce  the  fine  resolution  radar  image  of  the  objects.  Propagating 
ocean  waves  as  well  as  surface  currents  are  not  stationary  and  con¬ 
sequently  perturb  the  Doppler  histories  in  the  SAR  data.  These 
perturbations  can  be  troublesome  when  imaging  gravity  waves  because 
the  wave  images  are  dispersed  and  thus  defocused  in  the  azimuth 
(along-track)  direction.  This  defocusing  can  be  compensated  in  the 
processor  by  readjusting  the  azimuth  focus  by  an  amount  proportional 
to  approximately  the  phase  velocity  of  the  wave.  The  perturbations 
of  the  Doppler  histories  can  also  be  useful  since  they  contain  infor¬ 
mation  pertaining  to  wave  height  and  surface  currents.  Radial  (line 
of  sight)  motion  of  ocean  waves  imaged  by  a  SAR  also  creates  problems 
in  processing.  Radial  motion  causes  both  an  abnormal  curvature  in 
the  recorded  signal  histories  as  well  as  a  shift  in  the  average 
Doppler  frequencies.  This  effect  can  be  partially  compensated  in 
the  SAR  processing  by  rotation  of  the  cylindrical  lenses  by  an  amount 
proportional  to  the  radial  velocity.  Perturbations  of  the  SAR 
Doppler  histories  can  also  be  used  as  a  diagnostic  tool  to  aid  in 
the  study  of  the  SAR  Imaging  mechanism  of  ocean  surfaces.  Adaptive 
manipulation  of  Doppler  histories  can  be  performed  relatively  easily 
in  the  SAR  optical  processor  and  the  resulting  wave  imagery  examined. 


R.  A.  SHUCHMAN 


2.  INTRODUCTION 

This  paper  discusses  a  specialized  form  of  side-looking  imaging 
radar  called  a  Synthetic  Aperture  Radar  (SAR).  SAR  utilizes  the 
Doppler  history  (change  of  phase)  associated  with  the  motion  of  the 
aircraft,  recording  both  the  phase  and  the  amplitude  of  the  back- 
scattered  energy,  thus  improving  the  along  track  or  azimuth  resolu¬ 
tion.  The  longer  the  radar  data  length  (i.e.  observation  time),  the 
greater  the  improvement  in  the  along  track  resolution  of  the  system 
(Brown  and  Porcello,  1969;  Harger,  1970). 

The  principle  in  imaging  any  surface  with  a  radar  is  that  the 
backscatter  of  microwave  energy  (echo)  received  by  the  radar  receiver 
contains  mainly  information  on  the  roughness  characteristics  (shapes, 
dimensions  and  orientations)  of  the  reflecting  area.  The  parameters 
that  influence  the  echo  received  from  ocean  waves  include  the  motion 
of  the  scattering  surfaces,  the  so-called  speckle  effect,  system 
resolution  and  non-coherent  integration  as  well  as  contributions 
attributable  to  wind,  waves,  surface  currents  and  surface  tension. 
Also,  the  orientation  of  ocean  waves  to  the  radar  look  direction  must 
be  considered.  When  attempting  to  understand  the  SAR  ocean-wave 
imaging  mechanism,  one  must  also  consider  factors  pertaining  to  wave 
orbital  velocity,  Bragg-scatterer  velocity  and  long  (or  resolvable) 
wave  phase  velocity  (Teleki,  et  al,  1978) . 

Various  theories  exist  in  the  literature  (Raney  and  Shuchman, 
1978;  Alpers  and  Rufenach,  1978;  Rufenach  and  Alpers,  1979;  Harger, 
1980,  Valenzuela,  1980  and  Jain,  1978)  that  theoretically  describe 
the  SAR  ocean  image  formation  process.  The  purpose  of  this  paper  is 
not  to  present  an  imaging  mechanism  theory,  but  rather  to  report  on 
measurements  made  on  the  SAR  optical  processor  that  document  motion 
effects  in  the  SAR  scene  which  affect  wave  contrast.  The  SAR  observed 
motions  of  ocean  scatterers  can  be  used  as  diagnostic  tools  in  better 
understanding  the  SAR  ocean  wave  imaging  mechanism.  Additionally, 
the  motion  induced  perturbations  in  the  SAR  signal  history  may  be 
potentially  exploited  to  obtain  information  about  the  ocean  surface 
such  as  wave  height,  wave  length  and  surface  current,  if  present. 

3.  BACKGROUND 

Typically  in  a  SAR  system,  the  phase  history  of  a  scattering 
point  in  the  scene  is  recorded  on  photographic  film  as  an  anamorphic 
(astigmatic)  Fresnel  zone  plate.  The  parameters  of  the  zone  plate 
are  set  in  the  azimuth  direction  by  the  Doppler  frequencies  produced 
by  the  relative  motion  between  the  sensor  and  the  point  scatterer, 
and  in  the  range  direction  by  the  structure  of  the  transmitted 
pulses.  The  film  image  is  a  collection  of  superimposed  zone  plates 
representing  the  collection  of  point  scatterers  in  the  scene.  This 
film  is  used  by  a  coherent  optical  processor  which  focuses  the  ana¬ 
morphic  zone  plates  into  the  points  which  produced  the  microwave 
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scatter  of  the  scene  (Kozma,  et  al,  1972).  Recently,  SAR  processing 
has  employed  digital  techniques.  Digital  processors  are  sensitive 
to  the  same  motion  effects. 


When  using  a  SAR  system  to  image  moving  targets  such  as  ocean 
waves,  unique  problems  occur  when  correlating  the  signal  data. 

Because  moving  targets  (such  as  waves)  perturb  the  Doppler  frequen¬ 
cies,  and  hence  the  phase  histories  recorded  by  the  signal  receiver, 
conventional  processing  of  these  signal  histories  produces  images  of 
the  waves  that  are  defocused  relative  to  a  stationary  target. 
Defocusing  by  the  along-track  (azimuth)  velocity  of  the  moving  ocean 
waves  can  be  refocused  by  readjusting  the  azimuth  focus  (cylindrical 
focus)  an  amount  proportional  to  the  relative  velocity  of  the  wave 
train  with  respect  to  the  SAR  platform  velocity. 

Similarly,  the  radial  motion  of  a  moving  ocean  wave  imaged  by  a 
SAR  will. also  perturb  the  signal  history  of  a  scatterer.  Radial  wave 
velocity  (motion  towards  or  away  from  the  radar  look  direction)  pro¬ 
duces  an  apparent  tilt  to  the  phase  history  as  recorded  by  the  signal 
receiver.  Additionally,  the  scatterer  history  will  also  shift  across 
the  signal  record.  This  is  referred  to  as  "range  walk"  and  can  be 
compensated  for  by  a  rotation  of  the  cylindrical  optics  in  the  pro¬ 
cessing  of  the  signal  histories. 

4.  THEORETICAL  FOCUSING  ALGORITHMS 


Previous  work  has  been  presented  on  the  theoretical  algorithms 
needed  to  focus  SAR  imagery  of  a  moving  target.  For  an  in-depth 
discussion  of  this  theory,  the  reader  is  referred  to  a  paper  by 
Shuchman  and  Zelenka  (1978). 
is  defined  as: 

RXV 


The  azimuth  velocity  (V^)  correction 
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is  the  azimuth  focus  shift  correction  (from  stationary 
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the  correlator  constant  (laser  wavelength  and  magnification 
factors) ,  and 

the  distance  to  the  target. 


The  radial  (range)  velocity  correction  is  defined  as  (Shuchman, 
et  al,  1978) : 
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where  4  is  the  rotation  angle  for  correction, 

V  the  target  velocity  in  the  range  direction,  and 
Q  the  range  scale  factor. 

The  problem  of  computing  the  corrections  to  compensate  for  wave 
movement  is  not  a  simple  one  due  to  the  physical  characteristics  of 
the  wave  being  imaged.  Ocean  waves  have  three  distinct  velocity 
components:  orbital,  group  and  phase  velocity.  Therefore,  it  may 
be  necessary  to  calculate  at  least  three  distinct  focus  corrections 
for  a  given  wave  image.  This,  however,  allows  an  additional  question 
to  be  explored  in  the  analysis:  does  the  focus  correction  selected 
correspond  most  closely  to  the  orbital,  group  or  phase  velocity 
component  of  the  imaged  wave? 


5.  WAVE  MOTION  VS.  FOCUSING  OF  SEASAT  SAR  DATA 


The  relationships  between  the  parameters  of  the  radar  system, 
the  SAR  processor,  and  the  relative  target  velocity  can  be  theoreti¬ 
cally  determined  for  SEASAT,  as  reported  by  Shuchman  and  Zelenka 
(1978). 


Shuchman  and  Zelenka  showed  that  the  along-track  focal  length 
of  a  moving  target  can  be  related  to  the  depth  of  focus  of  a  SAR 
image. 


A  target  sensitivity 
indicates: 


V 
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2p2V 


AC 


XR 


relation  can  be  derived. 


The  relationship 


(3) 


where  p  is  the  azimuth  resolution, 

V^£  the  SAR  platform  velocity, 

X  the  radar  wavelength,  and 

R  the  range  to  the  scatterer. 

The  question  arises  as  to  whether  imagery  obtained  from  SEASAT  is 
sensitive  to  wave  motion.  The  SEASAT -A  parameters  are: 

V  -  7868  m/s, 

P  -  6.25  m, 

R  =  845  km,  and 

X  «  0.235  m. 

When  used  in  Eq.  (3),  these  give 

V  >  3.10  ms'1, 
a 

If  the  resolution  is  25  m  for  a  one-look  (fully  coherent)  image, 
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V  >49.53  ms-1, 
a 

If  SEASAT  uses  mixed  integration  during  data  processing  (i.e. 
four  non-coherently  averaged  images  to  produce  a  four-look  25  m 
image),  a  smaller  minimum  V  is  required  than  that  for  a  fully  co¬ 
herent  case: 

V  >  12.38  ms"1, 
a 

This  smaller  minimum  is  required  because  the  depth  of  focus  for  a 
mixed  integration  processor  is  equal  to  the  geometric  mean  of  the 
depth  of  focus  corresponding  to  the  full  aperture  and  the  depth  of 
focus  for  the  partial  aperture  (i.e.  6.25  and  25  m) . 

An  experiment  was  run  on  actual  SEASAT  data  (Revolution  762)  to 
ascertain  focusing  sensitivity  for  waves  travelling  approximately 
perpendicular  to  the  SAR  flight  path  (range  travelling  waves) .  Five 
processings  of  SEASAT  Revolution  762  between  the  coasts  of  Scotland 
and  Iceland  have  been  made  on  the  ERIM  Precision  Optical  Processor 
(POP) .  These  entailed  small  changes  in  the  azimuth  focus  setting  of 
zero  (normal  focus  setting),  ±  0.5  and  +  1.0  mm.  The  depth  of  focus 
of  the  SEASAT  processor  is  approximately  0.5  mm.  The  question  was: 
do  the  changes  in  focusing  produced  meaningful  changes  in  the  visi¬ 
bility  of  the  wave  structures  in  this  imagery? 

SAR  data  from  three  areas  designated  "S"  (just  off  the  coast  of 
Scotland) ,  "D"  (deep  water  between  Scotland  and  Iceland) ,  and  "I" 
(just  off  the  coast  of  Iceland)  were  optically  Fourier  transformed 
and  the  spectral  power  density  of  the  dominant  wave  component  was 
measured.  The  spectral  power  density  of  nearby  clutter  components 
in  the  spectrum  was  also  measured  for  the  purpose  of  normalization. 

The  results  of  these  measurements  are  given  in  Figure  1.  The 
results  are  plotted  in  terms  of  the  ratio  of  the  dominant  wave  spec¬ 
tral  power  density  to  clutter  spectral  power  density  vs.  azimuth 
focus  setting.  Note  that  corresponding  velocities/per  azimuth  focus 
setting  are  also  indicated  on  the  graph. 

A  statistical  analysis  (Shuchman  et  al,  1979)  was  applied  to 
the  data  presented  in  Figure  1.  The  analysis  indicated  that  the 
focusing  resulted  in  no  apparent  enhancement  offthe  wave  spectral 
estimate.  Caution  must  be  used  in  interpreting  these  results,  how¬ 
ever,  due  to  the  very  limited  nature  of  the  data  set.  The  graph  does 
indicate  that  the  deep  water  waves  result  in  the  highest  wave-to- 
clutter  spectral  power  density  ratio,  but  this  could  be  a  result  of 
the  large  aperture  used. 

An  11.5  second  swell  was  present  in  the  daca-  The  corresponding 
phase  velocity  would  be  approximately  18  m/sec.  However,  the  data 
presented  in  Figure  1  was  basically  a  wave  traveling  in  the  range 
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Focus  Setting  (mm) 

Fig.  1:  Wave  clutter/spectral  power  density  ratio 
versus  azimuth  focus  setting. 

direction  except  for  the  Scotland  coastal  data  (point  "S").  To  sum¬ 
marize,  the  focusing  sensitivity  analysis  shows  that  waves  traveling 
15-20°  off  the  range  axis  do  not  affect  the  SEASAT-SAR  focus  setting, 
given  a  10-meter  (1-look)  azimuth  resolution.  Additional  data  sets 
that  consider  azimuth-traveling  waves  will  be  examined  in  the  pro¬ 
posed  follow-on  effort.  Further  work  on  defocussing  effects  in 
SEASAT  SAR  images  is  reported  by  Vesecky  et  al  (this  volume). 

6.  WAVE  MOTION  VS.  FOCUSING  OF  AIRCRAFT  DATA 

Azimuth  and  range  wave  enhancements  were  also  performed  on  SAR 
aircraft  data  collected  during  the  Marineland  experiment.  As  re¬ 
ported  by  Kasischke  et  al  (1979),  a  higher  modulation  (crest  to 
trough)  contrast  resulted  when  the  SAR  imaged  gravity  waves  were 
processed  assuming  a  motion  near  to  the  phase  velocity  of  the  waves. 

Figures  2  and  3  show  a  wave  enhancement  test  performed  on  azimuth 
traveling  waves  at  Marineland  for  L-  and  X-band  SAR  data  respective¬ 
ly.  The  December  15th,  1975  Pass  9  data  had  waves  traveling  in 
nearly  the  azimuth  direction  and  should  be  sensitive  to  azimuth 
motion  effects. 

Seven  focus  shifts  in  the  processor  (-2.5  mm,  -1.5  mm,  -0.89  mm, 
-0.45  mm,  0.0  mm,  +0.89  mm  and  +1.5  mm)  were  used  on  the  L-band  data. 
Eight  focus  shifts  were  used  on  the  X-band  data  (-15  mm,  -9  mm,  -1.95 
mm,  0.994  mm,  0.0  mm,  +0.994  mm,  +1.95  nm  and  +15  mm).  The  0.0  mm 
focus  assumes  a  stationary  target  and  the  (+)  and  (-)  values  indicate 
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movement  of  the  azimuth  focus  toward  and  away  from  the  frequency 
plane  of  the  optical  processor,  with  respect  to  the  0.0  mm  focus 
setting.  A  3  x  3  meter  resolution  setting  was  used  in  processing 
the  signal  film  in  the  optical  processor. 

The  above  numbers  reflect  focus  settings  that  are  nearly  propor¬ 
tional  to  the  phase,  group  and  orbital  velocity  of  the  gravity  waves 
present  on  15  December  at  the  Marineland  test  site.  For  the  L-band 
data,  the  correction  for  phase  velocity  corresponds  to  a  -0.89  mm 
focus  shift,  while  a  -0.45  mm  shift  represents  the  group  velocity 
correction.  The  orbital  velocity  (an  order  of  magnitude  lower  than 
the  phase  velocity)  is  represented  by  the  0.0  mm  or  stationary  focus 
setting,  since  the  azimuthal  focus  shift  for  orbital  velocity  is 
nearly  zero  and  within  the  depth  of  focus  of  the  L-band  processor 
(for  a  3  x  3  meter  resolution,  the  L-band  depth  of  focus  =  +  0.0502 
mm)  . 


The  focal  shift  proportional  to  phase  velocity  of  the  waves  for 
X-band  was  -1.95  mm,  while  a  -0.994  mm  shift  corresponds  to  the  focus 
setting  necessary  to  correct  for  group  velocity  of  the  gravity  waves. 
As  in  the  L-band  case,  the  shift  induced  by  the  orbital  velocity  is 
most  clearly  represented  by  the  0.0  mm  setting,  again  considering  the 
depth  of  focus  of  the  X-band  processor  (for  a  3  x  3  meter  resolution, 
the  X-band  depth  of  focus  =  ±0.7804  mm). 

Position  9A  and  9F  on  Pass  9  typify  the  results  obtained  using 
azimuth  focus  shift  corrections  to  refocus  wave  imagery.  Figure  2 
indicates  for  azimuth  traveling  waves,  a  greater  wave  contrast  (modu¬ 
lation  depth)  occurs  when  the  SAR  data  is  adjusted  for  a  target 


Corresponding  Target  Velocity  (m/s) 

-36  -28  -16  -8  0  +8  +16  +28 


Fig.  2:  Graph  of  modulation  depth  versus  azimuth  focus 
shift,  Marineland  data,  15  December  1975,  Passes  9A  and 
9F,  L-bana,  azimuth  traveling  waves. 
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Fig.  3:  Graph  of  modulation  depth  versus  azimuth  focus 

shift,  Marineland  data,  15  December  1975,  Passes  9A  and 

9F,  X-band,  azimuth  traveling  waves. 

velocity  that  is  of  the  same  order  of  magnitude  as  the  phase  veloc¬ 
ity.  The  X-band  data  in  Figure  3  does  not  appear  to  be  motion 
sensitive  due  to  depth  of  focus  and  integration  time  considerations 
(Shuchman  and  Zelenka,  1978;  Shemdin  et  al,  1978). 

A  similar  series  of  measurements  to  those  made  for  azimuth¬ 
traveling  waves  were  made  on  range-traveling  waves  at  Marineland. 
Radial  (range)  velocity  effects  can  also  cause  blurring  in  the  re¬ 
sulting  SAR  imagery.  As  for  the  azimuthal  velocity,  range  velocity 
effects  can  be  partially  corrected  for  in  the  optical  processor.  The 
adjustment  needed  involves  rotating  the  cylindrical  optics  of  the 
optical  processor  (hereafter  referred  to  as  telerotation) . 

Marineland  L-band  data  collected  on  15  December  1975  from  Passes 
2  and  6  were  used  in  this  experiment.  Both  passes  have  essentially 
range-traveling  waves  in  them  with  the  aircraft  heading  varying  180 
between  the  two  passes.  In  Pass  6,  the  waves  are  traveling  toward 
the  radar  (the  radar  look  direction  is  upwave) ,  and  in  Pass  2,  the 
radar  was  looking  nearly  downwave. 

Imaging  waves  moving  away  from  the  aircraft  (a  downwave  radar 
look  direction)  requires  a  negative  telerotation  while  imaging  waves 
moving  toward  the  aircraft  (an  upwave  radar  look  direction)  requires 
a  positive  telerotation. 

If  two  sets  of  waves  are  imaggd,  with  the  only  difference  being 
opposite  look  directions  (i.e.  180  apart),  the  telerotation  magni- 
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tude  needed  to  correct  for  image  distortion  due  to  radial  velocity 
should  be  the  same  for  each,  one  being  a  positive  correction  (upwave) , 
the  other  being  a  negative  correction  (dovmwave) . 

To  study  this  radial  velocity  phenomenon,  wave  frequency  scans 
of  Pass  2  with  seven  telerotationsQfrom  -2.g  to  +1.0  and  of  Pass  6 
with  seven  telerotations  from  -1.0  to  +2.0  were  made  on  the  optical 
processor.  Use  of  Eq.  (2)  indicates  that  a  -1.0  telerotation  for 
Pass  2  corresponds  to  the  gorrection  needed  for  the  phase  velocity 
of  the  waves,  while  a  -0.5  setting  represents  the  group  velocity 
adjustment.  For  Pass  6,  +1.0  and  +0.5  correspond  to  the  phase  and 
group  velocity  corrections,  respectively.  The  correction  for  orbital 
velocity  for  both  Pass  2  and  Pass  6  is  best  represented  by  the  0 
setting.  The  average  modulation  depths  for  the  L-band  radial  focus 
corrections  are  graphically  illustrated  in  Figure  4. 

For  Pass  2,  it  can  be  observed  that  the  highest  modulation  depth 
occurred  at  a  telerotation  of  -1.0  ,  the  telerotation  corresponding 
to  the  velocity  on  the  order  of  the  phase  velocities  of  the  waves, 
as  derived  from  the  theoretical  algorithm.  The  apparent  significant 
differences  between  the  -1.5  and  the  +1.0  telerotations  should  not 
be  totally  unexpected.  While  the  -1.5  setting  is  approaching  the 
optimum  setting  (-1.0  )  for  the  Pass  2  waves,  the  +1.0  setting  is 
the  furthest  away  from  the  theoretically  correct  telerotation  setting. 

The  highest  modulation  depth  obtained  for  the  Pass  6  telerotation 


Corresponding  Target  Velocity  (m/s) 

-24  -12  -6  0  6  12  24 


Fig.  4:  Graph  of  modulation  depth  versus  telerotation, 
L-band,  Passes  2  and  6,  Mar ineland  data,  15  December 
1975,  range  traveling  waves. 
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settings  occurred  at  +1.0°.  This  was  the  samg  magnitude  as  the  op¬ 
timal  setting  for  the  Pass  2  waves.  The  +1.0  setting  corresponds 
to  the  correction  needed  for  the  phase  velocity  of  the  waves,  as 
predicted  by  the  focusing  algorithm.  The  +1.0  setting  resulted  in 
apparently  significantly  Ijigher  modulation  depths  than  all  other 
settings  excegt  one  (+0.5  ).  Again,  a  setting  close  to  the  optimal 
setting  (+1.5  )  resulted  in  higher  modulation  depths  than  the  most 
defocused  settings  for  Pass  6  (-1.0  ,  -0.5  ).  The  40.5  also  pro¬ 
duced  higher  modulation  depths  than  the  two  most  defocused  settings 
The  +0.5  telerotation  corresponds  to  the  correction  calculated  for 
the  group  velocity  component  of  the  wave.  Whether  or  not  this  is 
coincidental  or  insignificant  remains  yet  to  be  proven. 


7.  SAR  PROCESSOR  OBSERVED  MOTION  OF  OCEAN  WAVES 

A  series  of  motion  effects  was  quantified  on  the  ERIM  processor. 
A  model  of  the  individual  scatterers  and  how  they  are  recorded  on 
the  SAR  signal  history  was  then  formulated. 

The  following  points  summarize  numerous  observations  made  on  the 
ERIM-SAR  optical  correlator:  (Shuchman  et  al,  1978) 

1.  Measurements  of  the  azimuth  Doppler  spectrum  shift  for  a 
series  of  range  traveling  waves  indicate  a  scattering  surface 
velocity,  at  most,  an  order  of  magnitude  lower  in  value  than 
the  phase  velocity  of  the  waves. 

2.  Radar  image  contrast  for  range  traveling  waves  is  maximized 
when  the  cylindrical  optics  used  to  focus  the  azimuth  signal 
histories  are  rotated  an  amount  roughly  corresponding  to  the 
waves'  phase  velocity.  No  shifting  of  the  azimuthal  spectrum 
bandpass  is  required  (see  Figure  4). 

3.  Wave  images  made  from  separated  Doppler  spectral  bands  show 
range  displacements  equal  to  the  wave  phase  velocity  times 
the  equivalent  time  between  the  two  Doppler  spectra  for  a 
stationary  target  at  the  same  radar  range. 

4.  Azimuth  traveling  waves  are  defocused  an  amount  equal  in  mag¬ 
nitude  to  that  produced  by  radar  reflectors  moving  at  roughly 
the  phase  velocity  of  the  wave  (see  Figure  2) .  Given  the 
same  wave  velocity,  defocusing  is  more  pronounced  at  L-band 
than  at  X-band. 

The  following  discussion  utilizes  the  above  mentioned  observa¬ 
tions  and  describes  how  the  ocean  scatterers  are  recorded  on  the  SAR 
signal  history. 
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Range  History  for  a  Fixed  SAR  Target 

Consider  the  geometry  of  the  SAR  platform  relative  to  the  fixed 
reflecting  point  shown  in  Figure  5.  As  the  antenna  beam  moves  across 
the  reflecting  point,  the  radar  range  vs.  time  changes  as  shown  in 
Figure  6.  The  slope  of  the  curve  is  proportional  to  the  relative 
velocity  of  the  reflecting  point  and  thus  the  Doppler  frequency  shift 
of  the  reflected  radar  signal.  The  reflector  is  illuminated  over 
the  time  interval  T  (integration  time  of  processor)  and  is  at  minimum 
range  at  time  t^  when  the  reflector  is  directly  abeam. 

Range  History  for  a  Target  Moving  Toward  the  Flight  Line 

Suppose  the  reflector  is  not  stationary,  but  is  moving  directly 
toward  the  flight  line,  as  shown  in  Figure  7.  The  radar  range  vs. 
time  for  this  moving  reflector  is  shown  in  Figure  8.  Here,  the  min¬ 
imum  range  no  longer  occurs  at  t  where  the  target  is  directly  abeam, 
but  is  shifted  to  the  right.  The  average  slope  of  the  curve  is  no 
longer  zero,  as  in  Figure  6,  but  is  equal  to  the  instantaneous  slope 
at  t  .  Note  that  the  slope  of  the  curve  and  its  corresponding 
Dopp?er  frequency  starts  at  a  higher  value  and  exits  at  a  lower  value 


v 


Fig.  5:  Radar  geometry  for  stationary  reflecting 
point. 


Fig.  6:  Range  history  for  stationary  point. 
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Fig.  7:  Radar  geometry  for  moving  reflector. 


Fig.  8:  Range  history  for  moving  reflector. 


than  that  for  the  fixed  reflector.  Note,  also,  that  the  range  to 
the  target  changes  a  distance  vT  between  target  intercept  and  drop¬ 
out;  however,  at  equal  but  opposite  slopes  of  the  range  curve  (equal 
positive  and  negative  Doppler  frequencies)  the  range  to  the  target 
is  identical. 

8.  THE  STATIONARY  SURFACE  MODEL  FOR  OCEAN  WAVES 
Range  Traveling  Waves 

If  we  presume  that  a  scattering  point  on  the  surface  of  a  range 
traveling  wave  is  moving  at  the  phase  velocity  of  the  wave,  we  should 
observe  a  shift  in  the  average  Doppler  frequency  for  that  point  rela¬ 
tive  to  a  stationary  reflecting  point.  In  addition,  no  shift  in 
range  should  be  apparent  between  Images  formed  from  equally  displaced 
positive  and  negative  Doppler  frequency  bands.  However,  by  observa¬ 
tions  1  and  3  listed  earlier,  no  Doppler  frequency  shift  is  noted 
and  image  displacements  are  observed  for  symmetrically  displaced 
Doppler  bandpassed  images  of  the  ocean  surface  produced  by  ERIM's 
X-L  Radar.  Clearly,  the  range  traveling  waves  do  not  behave  like 
simple  moving  targets. 

We  will  now  consider  the  range  history  of  a  series  of  stationary 
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reflecting  poLnts  modulated  by  the  passage  of  a  range  traveling  wave. 
Figure  9  shows  reflecting  points  "a-e"  at  fixed  positions  on  the 
ocean  surface.  As  the  traveling  wave  progresses  toward  the  flight 
line,  the  energy  reflected  from  points  "a-e"  is  modulated  to  produce 
a  composite  range  history,  as  shown  in  Figure  10.  This  history  has 
an  overall  displacement  equal  to  that  for  the  moving  reflector  shown 
in  Fig.  8,  but  is  discontinuous  with  each  segment  having  the  range 
vs.  time  slope  of  its  corresponding  stationary  reflecting  point. 

The  Doppler  spectrum  of  this  composite  will  thus  not  be  shifted  with 
respect  to  a  stationary  reflecting  field,  and  is  therefore  consistent 
with  observation  1.  If  symmetric  Doppler  spectra  are  passed  to  form 
an  image,  such  as  those  corresponding  to  segments  "b"  and  "d",  a 
displacement  corresponding  to  the  wave  velocity  "v"  times  the  differ¬ 
ence  in  observation  times  would  be  observed.  This  is  consistent  with 
observation  3.  We  then  have  a  model  that  is  consistent  with  obser¬ 
vations  1  and  3.  It  can  also  be  shown  that  observation  2  cannot  be 
explained  on  a  basis  of  the  moving  reflector  model  if  the  processor 
bandpass  is  not  adjusted  to  pass  only  the  moving  target  spectrum. 

This  was  not  the  case  for  the  ERIM  data.  The  stationary  surface 
model  predicts  a  wave  displacement  over  the  stationary  target  spec¬ 
trum  that  could  be  removed  by  rotation  of  the  processor  optics  con- 


Fig.  9:  Radar  geometry  for  range  traveling  wave. 


Time 


Fig.  10:  Range  history  for  range  traveling  wave. 
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si8tent  with  observation  2.  It  remains  to  be  shown  that  the  sta¬ 
tionary  surface  model  predicts  the  same  degree  of  azimuth  defocussing 
as  a  reflector  model  that  correctly  predicts  the  resulting  focus 
shift . 


Range  History  for  a  Reflector  Moving  Parallel  to  the  Flight  Line 

If  the  reflecting  point  is  moving  parallel  to  the  flight  line 
with  the  velocity  v,  as  shown  in  Figure  11,  the  reflector's  range 
history  will  have  the  same  variation  as  that  for  a  stationary  point; 
however,  the  time  the  reflector  is  in  the  antenna  beam  will  be  al¬ 
tered.  If  the  reflector  is  moving  in  the  same  direction  as  the 
platform,  the  time  will  be  increased.  For  the  opposite  direction, 
the  time  will  decrease.  For  a  stationary  reflector,  the  aperture 
time 


T  - 


where  B  is  the  antenna  beamwidth, 

R  the  range  from  reflector  to  the  radar,  and 
VA(,  the  SAR  platform  velocity. 


(4) 


For  a  reflector  with  velocity  v,  as  shown  in  Fig.  11,  the  aperture 
time 


T' 


BR 


V  +  v 
VAC 


(5) 


Figure  12  shows  the  range  histories  for  the  two  cases  discussed 
above.  Note  that  for  the  moving  reflector  case,  the  curvature  of 
the  range  history  is  increased,  the  azimuth  Doppler  FM  rate  is  raised, 
and  the  recorded  azimuth  focal  length  is  reduced.  This  focal  length 
variation  will  defocus  the  image  of  the  moving  reflector  in  the  op¬ 
tical  processor. 


Fig.  11:  Radar  geometry  for  reflector  with  azimuth 
velocity. 
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Fig.  12:  Range  history  for  reflector  moving  in  I  I 

azimuth.  j  j 

Azimuth  Traveling  Waves  |  j 

I  I 

Observation  4  has  shown  that  defocussing  of  azimuth  traveling  j  Sj 

waves  is  equal  to  that  of  a  reflector  moving  at  roughly  the  phase 

velocity  of  the  wave.  For  the  stationary  surface  model  to  be  valid,  J 

it  must  predict  an  equal  degree  of  d-foi_ussing.  The  discussion  below  I 

demonstrates  that  this,  indeed,  it  the  case. 

Suppose  we  have  a  sequence  reflecting  points  "a-e"  to  be 
modulated  by  an  azimuth  traveling  wave  with  velocity  v,  as  shown  in 
Figure  13.  If  point  "a"  begins  'eflecting  just  as  the  antenna  beam 
first  illuminates  it,  the  range  ..  s 'Ory  will  proceed  as  shown  in 
Figure  14.  Points  "b,  c,  d  ind  e"  yill  reflect,  in  turn,  to  produce 
the  segmented  range  history  shown.  Each  segment  will  have  the 
azimuth  Doppler  FM  rate  of  its  corresponding  stationary  reflecting 
point  and  will  produce  an  in-f<vus  image  at  the  optical  processor 
output.  However,  the  image  of  the  traveling  wave  will  be  blurred  if 
the  sequence  of  reflecting  points  extends  over  a  substantial  part  of 
the  ocean  wavelength.  This  blurring  may  be  removed  if  the  processor 
is  refocused  to  bring  each  segment  to  focus  at  a  common  point  at  the  i 

processor  output.  Then  each  segment  will  be  slightly  defocussed,  ■ 


Fig.  13:  Radar  geometry  for  azimuth  traveling 
wave. 
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- ►  Time 

Fig.  14:  Range  history  for  azimuth  traveling  wave. 

but  the  moving  wave  will  have  the  maximum  contrast.  The  optimum 
focus  setting  of  the  processor  would  be  that  which  best  accommodates 
the  range  history  shown  in  Figure  14  as  it  might  have  been  produced 
by  a  single  point  target.  This  range  history  is  the  same  as  that 
for  the  moving  reflecting  point  shown  in  Figure  11,  except  for  some 
small  perturbations.  Consequently,  the  processor  setting  that  pro¬ 
perly  focusses  the  image  for  the  moving  reflector  of  Figure  11  also 
produces  the  best  focus  of  the  segmented  range  history  of  Figure  14. 
This  is  the  essential  conclusion  of  observation  4.  The  stationary 
surface  model  is  thus  shown  to  be  consistent  with  all  of  the  cited 
observations. 

9.  DOPPLER  EXPLOITATION  AND  INTEGRATION  TIME  CONSIDERATIONS 

The  radial  motion  of  an  ocean  current  or  gravity  wave  imaged  by 
a  SAR  will  produce  an  apparent  tilt  to  the  phase  history  as  recorded 
on  the  signal  film.  In  addition,  the  scatterer  history  will  also 
shift  across  the  signal  film.  Since  the  synthetic  aperture  technique 
utilizes  the  small  range  rates  of  stationary  reflecting  objects  to 
separate  their  images  in  the  azimuth  coordinate,  targets  moving  in 
the  range  direction  appear  with  altered  azimuth  positions  in  the 
processed  image,  but  are  still  focused.  A  non-moving  target  will 
produce  zero  Doppler  when  it  is  on  a  line  perpendicular  to  the  air¬ 
craft  track.  However,  if  the  reflecting  object  is  moving  toward  the 
aircraft,  zero  Doppler  will  be  produced  after  the  aircraft  has  passed 
this  perpendicular  line,  shifting  the  apparent  position  of  the  object 
in  the  same  direction  as  the  flight  direction.  Conversely,  if  the 
object  is  moving  away  from  the  aircraft,  the  apparent  position  will 
be  shifted  opposite  the  flight  direction.  The  use  of  the  SAR  to 
detect  surface  currents  is  reported  in  detail  by  Gonzalez  et  al 
(this  volume).  This  section  of  the  paper  discusses  the  use  of  Doppler 
broadening  to  ascertain  wave  height. 

The  Doppler  spectrum  of  radar  reflections  from  the  ocean  surface 
may  be  wider  than  the  spectrum  over  land  if  there  are  substantial 
surface  velocity  components  in  the  direction  of  the  radar  receiver. 

The  degree  of  broadening  is  directly  related  to  the  orbital  velocity 
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of  the  dominant  ocean  waves  imaged  by  the  radar.  Over  land,  the 
range  of  radial  velocities  observed  by  the  radar  is  approximately 
equal  to 


VAC6 


(6) 


where  6  is  the  radar  antenna  azimuth  beamwidth  and  V  is  the  SAR 
vehicle  velocity.  Observable  broadening  of  the  Doppler  spectrum  is 
expected  when  the  ocean  surface  orbital  velocities  are  comparable  to 


VACe- 


-3 


For  the  SEASAT  SAR,  V  is  about  7  km/sec  and  6  =  18.7  x  10 
radians.  The  range  of  radial  velocities  in  the  signal  spectrum  is 
V  8  =  7  x  10  x  18.7  x  10  =  131  meters/sec.  For  waves  with  a 

lu-second  period  and  5.7  meter  wave  height,  such  as  those  observed 
on  Revolution  1044  over  the  JASIN  site,  the  velocity  of  a  surface 
particle  is  irh/T  or  about  1.8  meters  per  second.  Since  this  velocity 
is  so  much  smaller  than  the  velocity  bandwidth  of  the  SEASAT  SAR  any 
broadening  effect  may  be  very  difficult  to  measure.  Actual  Doppler 
measurements  were  made  on  the  SEASAT  SAR  data  to  confirm  this  lack 
of  sensitivity. 


The  use  of  aircraft  data  offers  more  promise  for  calculation  of 
orbital  velocity  of  gravity  waves.  Figures  15  and  16  are  Doppler 
scans  of  Marineland  data  that  show  significant  broadening  of  the 
ocean  scan  when  compared  to  the  land. 

This  paper  has  not  discussed  the  effect  of  integration  time  on 
SAR  processing  of  ocean  data  (Shemdin  et  al,  1978).  X-band  wave  data 


Fig.  15:  X-band  azimuthal  Doppler  frequency  scans 
for  Pass  3,  14  December  1975. 
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Fig,  16:  L-band  azimuthal  Doppler  frequency  scan, 

14  December  1975. 

(shown  in  Figure  17)  shows  defocussing  or  a  blurring  of  the  wave 
data  as  one  goes  from  near  to  far  range.  This  X~band  data  collected 
at  a  large  incident  angle  has  an  integration  time  that  increases  by 
a  factor  of  two  from  the  near  tc  far  range.  A  processing  algorithm 
under  development  at  ERIM  will  attempt  to  correct  for  this  effect. 

10.  SUMMARY 

In  summary,  variation  of  the  azimuth  and  the  range  focus  indi¬ 
cates  the  insensitivity  of  the  images  of  wave  components  traveling 
in  the  along-track  direction  to  azimuth  focus,  and  rather  low  sensi¬ 
tivity  to  range  focus  of  wave  components  traveling  in  the  cross 
track  direction.  Detectability  of  azimuth  and  range  traveling  waves 
can  be  improved  by  respective  adjustment  of  focal  distance  and 


Near  Range 


Fig.  17:  X-band  (HH)  Lake  Michigan  wave  data  show¬ 
ing  defocusing  of  far  range  waves. 
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rotation  of  the  cylindrical  telescope  in  the  SAR  processor.  Enhance¬ 
ment  of  ocean  waves  as  described  above  has  been  successfully  employed 
on  both  Jet  Propulsion  laboratory  (JPL)  L-band  and  ERIM  X-  and  L-band 
data  (Jain,  1978).  The  importance  of  this  defocusing  effect,  due  to 
azimuth  and  range  wave  motion,  is  twofold.  First,  this  effect  can 
be  used  to  determine  the  direction  of  ocean  wave  propagation.  Second 
it  can  be  used  as  a  rough  estimator  of  the  phase  velocity  associated 
with  these  waves.  The  focusing  effects  described  above  are  more 
discernible  using  l-band  data  rather  than  X-band.  Consequently,  the 
X-band  is  less  useful  in  providing  information  on  wave  direction  and 
phase  velocity. 
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ABSTRACT 

Oceanographic  information  obtainable  from  synthetic  aperture 
radar  (SAR)  is  reviewed.  SAR  data  collected  by  aircraft  and  satel¬ 
lite  have  demonstrated  the  following  information  is  obtainable  from 
SAR  data:  detection  of  gravity  waves,  determination  of  the  magnitude 
and  direction  of  surface  winds,  detection  of  current  velocity  and 
direction,  detection  of  bottom  features,  identification  of  oceanic 
fronts  and  internal  waves,  detection  of  ship  wakes,  detection  of  oil 
slicks,  classification  of  sea  ice,  and  the  mapping  of  coastal  wet¬ 
lands.  SAR,  with  its  ability  to  image  the  ocean  surface  independent 
of  sun  illumination  (day  or  night),  as  well  as  through  clouds  and 
moderate  rain,  makes  it  an  ideal  ocean  remote  sensor. 

INTRODUCTION 

Considerable  effort  has  been  expended  during  the  past  decade  ex¬ 
ploring  the  potential  of  using  a  synthetic  aperture  radar  (SAR)  to 
monitor  the  resources  and  physical  phenomena  of  the  world's  oceans 
and  coastal  regions.  This  interest  eventually  resulted  in  the  launch 
of  the  Seasat  satellite  which  contained  a  SAR  as  one  of  its  five  in¬ 
struments;  and  offered  the  oceanography  community  a  vast  quantity  of 
data  which,  two  years  after  its  collection,  is  still  being  studied 
with  great  enthusiasm.  In  addition,  numerous  oceanographic  remote 
sensing  missions  have  been  flown  by  aircraft  SARs. 


Synthetic  aperture  radar  is  an  active  imaging  device  that  senses 
the  environment  with  short  electromagnetic  waves.  As  active  sensors, 
radars  provide  their  own  illumination  in  the  microwave  region  of  the 
electromagnetic  spectrum  and  thus  are  not  affected  by  temporal 
changes  in  emitted  or  reflected  radiation  from  the  earth's  surface. 
Additionally,  SARs  have  the  recognized  advantage  of  being  able  to 
image  the  earth's  surface  independent  of  weather  conditions  and  to 
provide  synoptic  views  of  the  ocean  at  high  resolution.  The  resolu¬ 
tion  of  aircraft  SARs  is  typically  on  the  order  of  a  few  meters  while 
the  Seasat  satellite  SAR  had  a  resolution  of  approximately  25  meters. 
Most  radars  operate  in  the  frequency  region  of  300  MHz  (1  m)  to  30 
GHz  (1  cm),  and  bandwidths  within  this  region  are  commonly  designated 
by  letters.  SARs  discussed  in  this  paper  are  designated  as  L-band 
(23.5  cm)  or  X-band  (3.2  cm). 

Synthetic  aperture  radar  is  a  coherent  airborne  or  spaceborne 
radar  that  uses  the  motion  of  a  moderately  broad  physical  antenna 
beam  to  synthesize  a  very  narrow  beam  thus  providing  fine  azimuthal 
(along-track)  resolution  (8rown  and  Porcello,  1969;  Harger,  1970). 
Fine  range  (cross-track)  resolution  is  achieved  by  transmitting 
either  very  short  pulses  or  longer  coded  pulses  which  are  compressed 
by  matched-filtering  techniques  into  equivalent  short  pulses. 
Usually,  the  coded  pulse  is  a  waveform  linearly  modulated  in  fre¬ 
quency.  The  processing  of  SAR  imaged  signal  histories  into  an  image 
is  described  by  Kozma,  et  al.  (1972). 

Two  SAR  systems  will  be  discussed  in  this  paper.  The  first  sys¬ 
tem  is  an  aircraft-borne  X-  and  L-band,  dual-polarized  imaging  radar 
operated  by  the  Environmental  Research  Institute  of  Michigan  (ERIM) 
and  is  described  by  Rawson,  et  al.  (1975).  The  second  system  was 
the  Seasat  L-band  imaging  radar  described  by  Jordon  (1980). 

This  paper  will  review  a  variety  of  potential  uses  of  SAR  data 
for  obtaining  oceanographic  information.  The  oceanographic  informa¬ 
tion  potentially  obtainable  include: 


1.  Detection  of  gravity  waves  (wavelength,  direction,  and 
height), 

2.  Determination  of  the  magnitude  and  direction  of  surface 
winds, 

3.  Detection  of  current  velocity  and  direction, 

4.  Detection  of  bottom  features, 

5.  Identification  of  oceanic  fronts  and  internal  waves, 

6.  Detection  of  ship  wakes, 

7.  Detection  of  oil  slicks, 

8.  Detection  of  mesoscale  features, 

9.  Classification  of  sea  ice,  and 

10.  Mapping  of  coastal  wetlands. 

Detection  of  Ocean  Waves 

The  main  purpose  of  including  a  SAR  in  the  Seasat  instrument 
package  was  to  image  ocean  gravity  waves  on  a  fine  resolution  ocean 
grid.  Figure  1  includes  a  Seasat  image  of  typical  SAR  observed  grav¬ 
ity  waves.  Estimates  of  wave  period  and  direction  of  the  dominant 
gravity  wave  can  be  extracted  from  this  SAR  data.  Techniques  to  do 
this  include  two-dimensional  Fourier  transforms  (both  optical  and 
digital),  a  semi-causal  technique,  and  a  new  one-step  spectral  esti¬ 
mation  routine  which  extracts  the  wave  period  directly  from  the  SAR 
signal  histories. 

By  passing  a  monochromatic,  collimated  beam  of  light  through  the 
film  image  of  the  gravity  waves  imaged  by  the  SAR,  a  two-dimensional 
optical  Fourier  transform  (OFT)  of  the  image  is  created  (Shuchman, 
et  al.,  1977).  If  a  digital  image  is  made,  then  the  same  process 
can  be  done  on  a  computer  by  taking  a  fast  Fourier  transform  (FFT) 
of  data  (Shuchman,  et  al.,  1979).  Utilizing  an  FFT  has  an  advantage 
over  an  OFT  in  that  distributional  wave  spectra,  as  a  function  of 
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wave  frequency  or  direction,  can  also  be  generated,  not  just  dominant 
wavelength  and  direction  as  obtainable  from  an  OFT.  Figure  1  also 
presents  an  example  of  an  OFT  and  FFT  generated  from  the  Seasat  data. 

Advanced  data  processing  techniques  for  extracting  gravity  wave 
information  from  SAR  data  also  include  the  use  of  a  semi-causal  model 
and  a  one-step  spectral  estimation  routine.  The  semi-causal  model 
is  based  on  maximum  entropy  techniques  and  has  recently  been  investi¬ 
gated  for  the  extraction  of  gravity  wavelength  and  directional  data 
from  SAR  data  (Jackson  and  Shuchman,  1981).  The  advantage  of  the 
semi-causal  model  is  that  it  can  produce  essentially  the  same  esti¬ 
mates  as  FFTs  and  OFTs  using  less  SAR  data  (i.e.,  a  smaller  aper¬ 
ture).  One-step  spectral  estimation  is  another  advanced  technique 
which  may  provide  estimates  of  wavelength  and  direction  through 
direct  processing  of  raw  SAR  signal  data  without  first  forming  an 
image  of  the  waves  (Hasselmann,  1980). 

A  comparison  of  estimates  of  gravity  wavelength  and  direction 
generated  from  SAR  data  collected  during  the  60ASEX  (Gulf  of  Alaska 
Seasat  Experiment)  and  JASIN  (Joint  Air-Sea  Interaction)  experiments 
were  compared  to  conventional  sea  truth  (i.e.,  pitch  and  roll  buoy 
data).  From  these  two  experiments,  it  was  verified  that  accurate 
wavelength  and  directional  information  of  gravity  wave  fields  can  be 
obtained  from  the  SAR  (Gonzalez,  et  al.,  1979;  Kasischke,  1980;  and 
Vesecky,  et  al.,  1981).  Linear  correlations  (<*  -  0.01)  between  these 
SAR-derived  and  sea  truth  wave  spectra  estimates  were  0.90  to  0.95 
for  wavelength  (Figure  2)  and  0.90  for  wave  direction  (Figure  3). 

A  study  by  Shuchman  and  Kasischke  (1981)  revealed  that  SAR 
imagery  can  be  used  to  document  refraction  of  gravity  waves  as  they 
enter  shallow  coastal  waters.  Wave  direction  and  length  from  the 
SAR  compared  favorably  to  wave  direction  and  length  computed  from 
classical  wave  refraction  techniques.  Linear  correlations  (o  »  0.01) 
between  SAR-derived  and  model-derived  parameters  were  0.76  for  wave¬ 
length  and  0.55  for  wave  direction.  Recent  investigations  (Meadows, 
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et  al.,  1981)  indicate  that  the  correlations  can  be  improved  signif¬ 
icantly  if  the  effect  of  the  Gulf  Stream  in  modifying  the  character¬ 
istics  of  gravity  waves  traversing  this  current  is  taken  into 
account. 

There  are  limitations  in  using  a  SAR  to  image  gravity  waves,  but 
these  limits  have  yet  to  be  fully  defined.  An  example  is  the  recent 
JASIN  experiment  where  the  Seasat  SAR  successfully  imaged  gravity 
waves  on  thirteen  out  of  a  possible  eighteen  opportunities  (Vesecky, 
et  al.,  1981).  A  study  of  the  associated  sea  truth  data  on  those 
occasions  when  the  Seasat  failed  to  image  gravity  waves  revealed  that 
one  of  two  conditions  were  present:  (1)  the  waves  had  a  very  low 
significant  wave  height  (H-^  <  1.3  m);  or  (2)  the  waves  were 
traveling  in  nearly  an  azimuth  direction  with  respect  to  the  radar 
line  of  sight.  Kasischke  and  Shuchman  (1981)  found  a  significant 
linear  correlation  between  wave  contrast  (or  wave  detectability)  on 
the  SAR  data  and  wave  height.  Earlier  studies  by  Teleki,  et  al. 
(1978)  revealed  that  on  X-band  SAR  data  (collected  by  an  aircraft 
mounted  SAR)  gravity  waves  were  clearly  more  visible  when  the  waves 
were  traveling  in  a  range  direction  with  respect  to  the  radar  line 
of  sight. 

Surface  Currents  and  Frontal  Boundary  Detection 

SARs  have  recently  been  demonstrated  to  have  the  capability  to 
detect  surface  currents  and  ocean  frontal  boundaries.  The  sensing 
of  surface  currents  with  SAR  has  been  through  one  of  three  tech¬ 
niques.  The  first  technique  reported  by  Shuchman  et  al.  (1979a)  and 
Gonzalez,  et  al.  (1981)  utilizes  a  measurement  of  mot ion- Induced 
Doppler  perturbation  in  the  SAR  signal  history.  The  technique  has 
been  successfully  tested  on  aircraft  SAR  data  collected  near 
Vancouver  Island  as  well  as  along  the  Lake  Michigan  shoreline.  This 
technique  takes  advantage  of  the  fact  that  the  SAR  instrument  re¬ 
sponds  primarily  to  backscatter  from  capillary  waves  which,  in  con¬ 
ventional  SAR  processing,  are  assumed  stationary  with  respect  to 
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other  time  scales  of  the  radar  system.  However,  these  scatterers 
are  not  stationary;  they  move  with  a  characteristic  phase  velocity 
as  well  as  with  velocities  due  to  the  presence  of  currents  and  longer 
gravity  waves.  The  radial  (line  of  sight)  component  of  this  resul¬ 
tant  velocity  produces  a  Doppler  shift  in  the  temporal  frequency  of 
the  return  signal,  which  translates  to  a  spatial  frequency  shift  re¬ 
corded  on  SAR  signal  film. 


Shuchman,  et  al.  (1979)  showed  that  the  radial  component  of  a 
target  velocity  (Vr)  could  be  calculated  as: 


V 
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where  af'  is  the  azimuth  spatial  frequency  shift,  \  is  the  trans¬ 
mitted  radar  wavelength,  VAC  is  the  platform  velocity  and  P  is  the 
azimuth  packing  factor. 

This  relationship  can  be  used  to  measure  the  average  radial 
velocity  component  of  an  ocean-wave  scattering  field  relative  to  a 
fixed-land  scattering  field.  A  shift  in  the  azimuth  spatial  fre¬ 
quency  spectrum  between  fixed-land  and  moving-ocean  surfaces  yields 
an  estimate  for  af'.  Variations  in  spectrum  location  due  to  antenna 
pointing  may  be  eliminated  by  choosing  imagery  having  land  and  ocean 
imaged  simultaneously. 


A  second  technique  to  measure  currents  via  SAR  data  is  reported 
by  Shemdin  et  al.  (1980).  This  technique  applied  to  Seasat  data 
collected  over  the  mouth  of  the  Columbia  River  (Oregon)  measured  the 
azimuthal  shift  in  the  boundary  of  the  current  as  it  flowed  past  the 
jetties.  Using  the  relationship: 


aX 


(2) 


where  aX  is  the  azimuthal  displacement,  R  the  range  to  the  target 
and  VA(.  the  platform  velocity,  the  radial  line  of  sight  velocity 
(V  )  of  the  Columbia  River  was  successfully  estimated. 
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A  third  technique  to  measure  currents  from  SAR  data  is  summarized 
by  Hayes  and  Shuchman  (1981),  who  showed  it  was  possible  to  calculate 
the  magnitude  and  direction  of  the  Gulf  Stream  by  observing  gravity 
wave  refraction  across  the  stream. 

Recently  SARs  have  shown  the  ability  to  detect  oceanic  fronts 
and  freshwater  discharge.  An  experiment  to  study  SAR's  ability  to 
monitor  ocean  fronts  was  conducted  in  October  of  1980.  The  frontal 
boundary  of  the  two  water  masses  at  the  mouth  of  Chesapeake  Bay  is 
clearly  discernible  on  Figure  4.  This  SAR  data  was  collected  by  the 
UPD-4  X-band  SAR  operated  by  the  United  States  Marines.  The  proposed 
mechanism  for  imaging  the  frontal  features  is  due  to  a  strong  current 
shear  modulating  the  ocean  Bragg  waves  (Wright,  1966)  that  the  radar 
observes. 

Seasat  imagery  has  been  used  to  locate  major  ocean  current  bound¬ 
aries.  Hayes  (1981)  used  Seasat  imagery  to  map  the  northern  edge  of 
the  Gulf  Stream  off  the  eastern  U.S.  coast.  Cheney  (1981)  tentative¬ 
ly  identified  the  boundary  of  a  cold  water  ring  in  the  Sargasso  Sea 
using  Seasat  imagery.  Additionally,  Lichy,  et  al.  (1981)  used  Seasat 
imagery  to  map  warm  water  rings  associated  with  the  Gulf  Stream. 

Observation  of  Surf  Zone  Conditions 

Both  aircraft  and  satellite  SAR  systems  have  demonstrated  an 
ability  to  detect  various  environmental  parameters  pertaining  to  the 
surf  zone.  These  parameters  include:  (1)  location  of  the  breaking 
waves,  (2)  location  of  the  land/water  boundary,  (3)  measurement  of 
the  dominant  gravity  wave,  (4)  measurement  of  long-shore  currents, 
and  (5)  detection  of  long-period  surf  beats. 

A  SAR-sea  truth  comparison  reported  by  Shuchman  and  Meadows 
(1980)  and  Meadows,  et  al.  (1981)  indicated: 

1.  SAR-derived  wavelengths  and  directions  are  in  good  agreement 
with  sea  truth. 
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2.  SAR  directional  spectra  taken  in  various  water  depths  do 
correlate  with  predicted  wave  refraction, 

3.  The  breaker  zone  as  defined  by  shore  observers  corresponds 
to  the  bright  lines  found  on  the  SAR  imagery, 

4.  Longshore  current  direction  and  relative  magnitude  as  obtain¬ 
able  from  the  SAR  Doppler  history  are  in  reasonable  agreement 
with  sea  truth,  and 

5.  Low-frequency  components  observed  on  SAR  spectra  seem  to 
correlate  with  low  frequency  "surf  beat*  found  in  sea  truth 
spectral  estimates. 

Detection  of  Bathymetric  Features 

The  launch  of  Seasat  in  1978  provided  a  large  volume  of  imagery 
of  the  ocean  surface  showing  hitherto  unexpected  surface  detail,  some 
of  it  apparently  correlated  with  submerged  topographic  features.  As 
a  result  of  these  observations,  studies  were  carried  out  by  Shuchman, 
et  al.  and  Kasischke,  et  al.  (1980)  to  quantify  the  water  depth  in¬ 
formation  available  in  SAR  imagery  and  to  evaluate  the  feasibility 
of  using  Seasat  SAR  data  for  bathymetry.  Some  of  the  results  of 
these  continuing  investigations  are  summarized  below  with  the 
authors'  permission. 

The  appearance  of  depth-related  features  in  SAR  data  is  due  to 
various  hydrodynamic  interactions  with  the  ocean  bottom  which  result 
in  surface  perturbations  visible  to  the  SAR.  Five  broad  categories 
of  depth-related  phenomena  have  been  observed  in  SAR  data.  These 
include: 

1.  Shortening  and  bending  (i.e.,  refraction)  of  gravity  waves 
in  shallow  water, 

2.  Modulation  of  surface  roughness  by  currents  flowing  near 
bottom  features. 
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3.  Generation  of  Internal  waves  near  the  edges  of  continental 
shelves, 

4.  Surface  manifestations  associated  with  sharp  bottom  discon¬ 
tinuities  In  shelf  regions,  possibly  due  to  current  bound¬ 
aries,  and 

5.  Anomalous  features  over  topographic  bumps  In  deep  ocean 
regions. 

An  example  of  a  Seasat  SAR  Image  showing  numerous  depth  related 
features  Is  shown  In  Figure  5.  This  digitally  processed  Jet 
Propulsion  Laboratory  Image  represents  approximately  a  100  x  100  km 
area  of  the  English  Channel.  The  Image  was  taken  on  19  August  1978. 
At  the  time  of  the  overpass,  a  2  knot  (1  m/sec)  tidal  current  was 
flowing  In  a  southwesterly  direction.  The  features  on  the  SAR  Image 
correlate  very  well  to  the  sand  waves  present  In  the  English  Channel. 
Figure  6  shows  the  bathymetry  of  the  area  covered  In  the  SAR  Image. 

The  features  appearing  In  the  SAR  Image  are  thought  to  be  due  to 
the  interaction  of  this  tidal  current  with  the  bottom,  causing  a 
modulation  of  the  wind-generated  surface  roughness.  Comparisons  of 
the  radar  return  with  the  water  depth  indicate  areas  of  shallower 
water  (i.e.,  sand  waves)  have  a  higher  radar  reflectivity  than  sur¬ 
rounding  deeper  water  areas.  Although  there  Is  apparently  a  strong 
correspondence  between  the  radar  backscatter  and  the  bathymetry  of 
this  region,  much  work  remains  to  be  done  before  quantitative  depth 
estimates  can  be  made  from  the  surface  roughness  information  recorded 
In  the  SAR  Image. 

Detection  of  Oil  Slicks 

The  amount  of  received  backscatter  from  a  SAR  Imaged  ocean  sur¬ 
face  is  a  function  of: 

1.  The  small  scale  roughness, 

2.  The  mean  slope,  and 

3.  The  velocity  of  the  ocean  scatterers. 


The  small  scale  roughness  Is  the  most  important  of  the  three 
mentioned  factors.  A  maximum  backscatter  return  is  obtained  when 
the  small  scale  ocean  roughness  satisfies  the  following  conditions 

Kw  -  2k  sin  »  (3) 

where  Kw  -  2*/L  and  K  -  2 »/x  are  the  wave  numbers  and  L  and  x  the 
wavelengths  respectively  of  the  capillary  waves  and  the  radar,  and  o 
is  the  incident  angle.  This  roughness  criterion  is  referred  to  as 
the  Bragg  wave  equation. 

The  presence  of  oil  on  the  ocean  surface  dampens  the  capillary 
and  ultra-gravity  ocean  waves  and  significantly  reduces  their  ampli¬ 
tude.  Equation  (3)  predicts  that  a  maximum  return  for  an  X-band  and 
L-band  SAR  Imaging  the  ocean  at  45*  incident  angle  results  when  the 
ocean  Bragg  waves  are  2.2  cm  and  17  cm  in  wavelength  respectively. 
Oil  films  on  the  ocean  surface  will  dampen  the  X-band  Bragg  waves 
more  readily  than  the  larger  L-band  resonant  ocean  waves.  Figure  7 
graphically  illustrates  through  example  this  concept.  Shown  in  the 
figure  is  simultaneously  obtained  X-  and  L-band  SAR  imagery  of  a 
crude-oil  slick  off  the  east  coast  of  the  United  States.  Note  from 
the  figure  that  the  X-band  SAR  data  more  clearly  delineates  the  oil 
slick  than  the  L-band  imagery.  Rawson  and  Liskow  (1981)  calibrated 
the  data  shown  in  the  figure  and  determined  the  radar  backscatter 
decreased  approximately  3  dB  at  X-band  over  the  oil  slick  area,  while 
the  radar  reflectivity  for  the  L-band  data  decreased  approximately 
1.5  dB  over  that  same  oil  slick  area. 

Detection  and  Classification  of  Sea  Ice 

Much  research  has  been  done  in  the  area  of  SAR  detection  of  sea, 
lake,  and  river  ice  (Ketchum  and  Tooma,  1973;  Larson,  et  al.,  1978, 
1981).  There  is  general  agreement  In  the  community  that  high  resolu¬ 
tion  aircraft  or  satellite  SAR  operating  at  an  X-band  (3  cm)  frequen¬ 
cy  can  detect  first  year,  multi-year,  and  open  water  areas. 


Figures  8  and  9  represent  simultaneously  collected  X-  and  L-band 
(3  cm  and  23.5  cm  respectively)  parallel  and  cross  polarized  sea  ice 
data  collected  in  the  Beaufort  Sea.  Clearly  shown  on  the  data  is 
multi-year  (letter  B);  first  year  (letter  C)  and  open  water  or  newly 
formed  ice  areas  (letter  0).  This  data  has  approximately  3  meters 
resolution  in  both  range  and  azimuth,  and  the  incident  angle  at  near 
edge  is  approximately  10*  while  at  the  far  edge,  the  incident  angle 
is  approximately  60*.  Also  given  on  the  figures  are  relative  inten¬ 
sity  plots  of  a  cross  section  shown  on  the  figure  by  the  line  drawn 
between  the  letters  A  and  A'.  From  this  typical  SAR  ice  example, 
the  data  indicates  the  higher  frequency  X-band  data  that  is  cross- 
polarized  (i.e.,  transmitted  horizontally  and  received  vertically) 
results  in  the  highest  contrast  between  first  year  and  multi-year 
ice  flows. 

In  addition  to  detecting  ice  flows,  SAR  has  also  been  demon¬ 
strated  to  be  capable  of  detecting  icebergs.  Larson,  et  al.  (1978) 
showed  that  X-band  cross  polarized  SAR  data  resulted  in  the  highest 
contrast  between  the  iceberg  and  surrounding  ice  flow  when  compared 
to  X-band  parallel  polarized  data  and  L-band  parallel  and  cross- 
polarized  data. 

Marshland  Detection 

Figure  10  shows  four-channel  ERIM  SAR  imagery  of  the  Marineland 
test  site.  The  test  site  was  subjected  to  tidal  inundation  and 
therefore  primarily  composed  of  tidal  marshland.  The  letter  A  on 
Figure  10  indicates  the  high  water  mark  as  well  as  a  relic  coastline. 
Area  B  represents  forest  land  located  on  high  ground  (i.e.,  not  sub¬ 
ject  to  inundation),  while  region  C  is  an  inundated  area  that  is 
composed  of  marsh  vegetation.  Note  the  differential  return  between 
the  marsh  area  (C)  on  the  X-  and  L-band  data.  The  marshland  sur¬ 
rounding  the  river  (0)  is  also  clearly  discernible  using  the  X-  and 
L-band  data. 
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The  explanation  for  this  differential  return  is  that  the  X-band 
radar  energy  reflects  off  the  tops  of  the  marsh  grass,  while  the 
longer  L-band  incident  energy  penetrates  through  the  vegetation  and 
the  L-band  return  is  primarily  a  specular  return  from  the  water. 
Shuchman  and  Lowry  (1977)  used  this  data  set  to  perform  a  digital 
vegetation  classification  using  the  four-channel  SAR  data.  The  re¬ 
sult  of  that  analysis  indicated  the  simple  parallelepiped  classifi¬ 
cation  (operator  interactive)  corresponded  well  to  the  ground  truth 
available.  The  study  further  demonstrated  the  need  to  develop  more 
sophisticated  digital  classification  procedures  which  utilize  not 
only  tonal  information  from  the  radar,  but  also  texture  information. 

Summary 

It  should  be  mentioned  when  utilizing  SAR  data  such  as  presented 
in  this  paper,  the  SAR  spectral  estimates  discussed  are  wave  number- 
directional  spectra  of  the  radar  return  intensity.  The  data  does 
not  represent  wave  height  information,  at  least  not  in  a  recognizable 
form.  The  modulation  transfer  function  (i.e.,  the  SAR  gravity  wave 
imaging  mechanism)  is  not  totally  understood  at  the  present  time. 
The  determination  of  the  transfer  function  as  well  as  determination 
of  wave  height  using  SAR  data  will  be  a  major  scientific  advance. 
At  that  time,  it  will  then  be  possible  to  use  SAR  gravity  wave  data 
to  obtain  power  density  estimates  of  the  sea  surface. 

The  Doppler  current  measurements  discussed  are  still  experimental 
and  the  reader  is  warned  that  this  technique  to  measure  current  is 
far  from  operational  and  perhaps  a  new  SAR  system  will  have  to  be 
designed  to  realize  this  type  of  measurement.  Recall  that  the 
Doppler  method  works  only  in  the  radial  (line  of  sight)  direction. 

The  ice  type  and  marshland  discussions  demonstrate  the  need  for 
development  of  machine  aided  analysis  techniques  and  indicate  the 
advantage  of  a  multi -frequency  SAR  approach. 
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Perhaps  the  greatest  problem  facing  SAR  oceanographic  users  is 
to  solve  the  data  handling  problem.  SAR  signal  histories  must  first 
be  processed  into  image  histories  (either  complex  or  just  intensity) 
and  then  undergo  rather  time  consuming  additional  data  processing  to 
extract  the  useful  oceanographic  information.  Thus,  clever  data 
handling  schemes  need  to  be  developed  to  shorten  computational  times. 
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direction  by  SEASAT  SAR  observation  -  degrees  true 


Figure  4,  SAR  Image  (X-band)  of  Mout 
of  Chesapeake  Bay  Illustrating  Ocea 
Frontal  Features  (10  October  1980). 
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Figure  6.  Bathymetry  Chart 
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Figure  8.  X-band  Parallel  and  Cross 
Polarized  SAR  Imagery  of  Ice  in  the 
Beaufort  Sea.  Also  Shown  on  the  Figure 
is  a  Transect  of  Received  Power  Across 
the  Image  at  the  Location  Marked  A  to  A'. 
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Figure  10.  Four  Channel  SAR  Imagery  of  Atlantic 
Coastal  Zone  at  Mari nel and,  Florida  (15  December  1975). 
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Introduction 

Synthetic  aperture  radar  (SAR)  has  been  used  to  image  ocean  waves 
over  large  areas  from  both  conventional  aircraft  (Elachi,  1976; 
Shemdin,  et  al.,  1978)  and  from  satellites  (Gonzalez,  et  al.,  1979). 
Imaging  is  not  restricted  by  platform  size  or  altitude  as  with  real 
aperture  radar,  or  by  external  illumination,  as  with  photography.  SAR 
images  have  then  been  used  to  determine  surface  wave  direction  and 
wavelength.  Although  the  imaging  mechanism  has  not  been  explained 
completely,  the  forward  face  and  rear  face  of  sufficiently  large  waves 
exhibit  different  scattering  characteristics  at  SAR  wavelengths  and  can 
be  distinguished  in  SAR  imager,  (Shuchman,  et  al..  1978). 

The  Environmental  Research  Institute  of  Michigan  (ERIM)  has 
been  acquiring  and  processing  SAR  data  from  aircraft  for  several 
years  (Cindrich.  et  al.,  1977).  In  October  1978,  ERIM  acquired  SAR 
data  on  a  flight  along  the  coast  of  Lake  Michigan  approximately  half¬ 
way  between  Pentwater  and  Ludington,  Michigan  (latitude  43°50'N). 

At  this  time,  the  University  of  Michigan’s  Department  of  Atmos¬ 
pheric  and  Oceanic  Science  was  operating  a  series  of  resistance  wave 
gauges  and  ducted  impeller  current  meters  in  the  nearshore  zone 
(Meadows,  1979).  This  paper  compares  SAR  wave  directional  spec¬ 
tra  measurements  to  in  situ  wave  spectra  obtained  in  the  surf  zone. 
Additionally,  the  SAR  Doppler  history  is  exploited  to  obtain  an  esti¬ 
mate  of  surface  current  magnitude  and  direction.  This  SAR  derived 
information  is  also  compared  to  the  in  situ  nearshore  surface  current 
sea  truth. 

The  following  sections  describe  the  in  situ  sea  truth  and  the  ERIM 
SAR  system.  Methods  of  computing  wave  direction,  wavelength,  and 
current  information  from  the  SAR  are  discussed.  The  comparisons 
of  the  SAR  derived  information  with  the  sea  truth  are  good;  indicating 
remotely  sensed  surf  zone  information  is  a  useful  tool  to  oceanographers 
and  coastal  engineers.  In  addition,  directions  of  wave  travel,  as  ob¬ 
tained  from  the  SAR  coastal  imagery,  are  shown  to  be  consistent  with 
classical  wave  refraction  calculations. 

Data  Collection 

On  18  October,  1978  at  approximately  16:35  EST,  SAR  data  was 
collected  along  the  shoreline  of  Lake  Michigan  centered  at  latitude 
43’50'N.  The  site  for  this  field  experiment  was  the  eastern  shore  of 
Lake  Michigan,  between  the  cities  of  Ludington  and  Pentwater, 
Michigan.  This  thirteen-kilometer  section  of  shoreline,  extending 
approximately  north-south,  is  characterized  by  a  multiple-barred 
bathymetry  with  nearly  straight  and  parallel  contours.  The  SAR  sys¬ 
tem  used  to  collect  the  data  was  the  ERIM  X-  and  L-band  dual-polar¬ 
ized  imaging  radar  described  by  Rawson,  et  ai.  (1975).  The  ERIM  SAR 
system  records  four  channels  of  radar  return  but  we  will  focus  our 
attention  here  on  the  X-band  horizontal-transmit-horizontal-receive 
channel  as  this  data  provided  the  clearest  wave  images.  The  SAR  was 
flown  at  an  altitude  of  6100  m  and  operated  with  a  center  incident 
angle  from  the  vertical  of  20°,  yielding  a  swath  width  of  5.6  km.  The 
cross-track  or  range  resolution  of  SAR  is  limited  by  radar  frequency 
bandwidth  and  is  about  2  m  for  X-band.  The  along  track  or  azimuth 
resolution  is  obtained  from  the  synthetic  aperture  technique  described 
by  Brown  and  Porcello  (1968).  For  the  X-band.  the  azimuthal  reso¬ 
lution  is  about  2.5  m.  A  sample  of  the  X-band  imagery  showing  the 
location  of  the  coastal  array  (letter  A)  is  shown  in  Figure  1.  This 
SAR  data  was  processed  on  the  ERIM  processor  described  by 
Kozma(1972). 

At  the  same  time  as  the  ERIM  flight,  the  University  of  Michigan. 
Department  of  Atmospheric  and  Oceanic  Science  was  operating  its 
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mobile  surf  zone,  wave  and  current  sensing  array  (Meadows,  1979). 
Monitoring  of  incident  wave  characteristics  and  longshore  current 
velocities  was  conducted  through  the  growth  of  a  significant  storm 
on  Lake  Michigan.  A  detailed  discussion  of  the  experimental  design 
is  presented  in  Wood  and  Meadows  (1975)  and  Meadows  (1977). 
Surface-piercing,  step  resistance  wave  probes  and  bi-directional  ducted 
impeller  flow  meters  were  employed  to  make  simultaneous  measure¬ 
ments  of  wave  and  current  conditions.  These  sensors  were  oriented 
on  a  line  perpendicular  to  shore,  extending  from  the  beach  through 
the  outer  surf  zone.  Other  coastal  sensing  equipment  included  a 
directionally  mounted  motion  picture  camera  and  Lagrangian  drifters. 
Unfortunately,  increasing  wind  and  wave  action  on  17  and  18  October, 
destroyed  much  of  the  array,  however,  sufficient  sensors  survived  to 
make  this  comparative  study  possible.  A  representative  portion  of  the 
1 8  minute  record  from  the  outer  surf  zone  resistance  wave  gauge  is 
shown  in  Figure  2. 

Methods 

The  SAR  data  shown  in  Figure  1  was  digitized  using  the  ERIM 
hybrid  image  digitizer  (Aushennan,  et  al.  1975).  The  data  was  HigitiwH 
with  an  approximate  resolution  of  6  meters  (3  m  pixels).  The  range 
coordinates  of  the  digitized  data  were  analytically  corrected  for  slant 
to-range  geometry  (Feldkamp,  1978).  Four  1.5  x  1.5  km  subsections 
(see  Figure  3)  with  6  meter  resolution  were  extracted  from  the  digi¬ 
tized  data.  The  four  sections  are  labeled  A-D  where  A  is  closest  to 
shore. 

The  3.0  m  pixel  digitized  SAR  images  were  converted  to  6  m  resolu¬ 
tion  by  4  pixel  averaging  in  older  to  increase  cohe  rence  in  the  image. 
The  average  value  of  each  azimuthal  line  was  subtracted  from  the 
line  to  remove  the  trend  of  intensity  falloff  with  increasing  range  dis¬ 
tance.  Two-dimensional  fast  Fourier  transforms  were  performed  on 
each  256  x  2S6  cell  subsection  to  yield  raw  directional  wave  number 
spectra  with  a  Nyquist  wave  number  of  0.52  nr1.  The  raw  spectra 
were  smoothed  by  replacing  each  value  with  the  average  of  the  sur¬ 
rounding  5x5  cell.  The  approximate  number  of  degrees  of  freedom 
for  the  resulting  spectrum  is  142(Kinsman,  1 965).  The  99  %  confidence 
limits  are  then  =  1.5  dB  (Jenkins  and  Watts.  1968). 

The  longshore  current  magnitude  and  directional  information  was 
extracted  from  the  SAR  data  by  exploitation  of  the  SAR  Doppler  his¬ 
tory  (Shuchman,  ct  al..  1979).  This  technique  takes  advantage  of  the 
fact  that  the  SAR  instrument  responds  primarily  to  backscatter  from 
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Figure  1.  X-Band  (HH)  SAR  data  used  in  study.  (The  letter  A  indi¬ 
cates  approximate  location  of  surf  zone  array.  Image  represents  3x3- 
meter  resolution.) 
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Figure  2.  Representative  Section  of  1 8  minute  time  history  of  water 
level  elevation  data  from  nearshore  resistance  wave  gauge 


capillarv  waves,  which,  in  conventional  SAR  processing,  are  assumed 
stationary  with  respect  to  other  time  scales  of  the  radar  system.  How¬ 
ever.  these  scatterers  are  not  stationary :  they  move  with  a  characteris¬ 
tic  phase  velocity  as  well  as  with  a  velocity  due  to  the  presence  of  cur¬ 
rents  and  longer  gravity  waves.  The  radial  (line  of  sight)  component 
of  this  resultant  velocity  produces  a  Doppler  shift  in  the  temporal 
frequency  of  the  return  signal,  which  translates  to  a  spatial  frequency 
shift  recorded  on  SAR  signal  film. 

The  Doppler  frequency  shift  (Afn)  for  a  moving  target  relative  to  a 
stationary  target  in  a  SAR  system  is 


(1) 


where  V,  =  radial  component  of  target  velocity,  and 
a  =  transmitted  radar  wavelength. 

This  temporal  frequency  shift  will  produce  an  azimuth  spatial  fre¬ 
quency  shift  of 

Af'  =-$£-.  (2) 

V.VC 


on  the  SAR  signal  film,  where  P  =  azimuth  packing  factor,  and 
VAC  =  aircraft  velocity. 

Equations  2  and  3  can  be  combined  to  relate  radial  target  velocity 
to  Doppler  spectrum  shift: 

V.  =  .  (3) 


Typical  values  for  a,  Vai.,  and  P  for  the  imaging  of  the  Lake 
Michigan  data  are  0.032  m,  109  m  s,  and  15,000  respectively.  This 
relationship  can  be  used  to  measure  the  average  radial  velocity  com¬ 
ponent  of  an  ocean-wave  scattering  field  relative  to  a  fixed-land 
scattering  field.  A  shift  in  the  azimuth  spatial  frequency  spectrum  be¬ 
tween  fixed-land  and  moving-ocean  surfaces  yields  an  estimate  for 
Af'  Variations  in  spectrum  location  due  to  antenna  pointing  may  be 
eliminated  by  choosing  imagery  having  land  and  ocean  imaged  near 
simultaneously.  An  assumption  was  made  that  the  antenna  pointing 
angle  did  not  change  between  the  land  and  water  measurements.  If, 
however,  the  antenna  angle  did  change,  a  slightly  higher  radial  velocity 
would  be  calculated. 

To  calculate  the  wave  spectrum  at  the  instrumented  surf  zone  site, 
the  total  1 8-minute  analog  record  shown  in  Figure  2  was  digitized  at 
0  25  s  intervals  and  analyzed  using  conventional  one-dimensional  fast 
Fourier  transform  techniques.  The  directional  information  was  ob¬ 
tained  by  utilizing  data  from  the  directionally-mounted  camera  and  the 
surveyed  positions  of  the  array  stations.  The  current  information  was 
obtained  by  again  using  the  directionally-mounted  camera  but  this 
time  photographing  the  Lagrangian  drifters  since,  by  the  time  of  the 
aerial  overflight,  the  last  current  meter  station  had  been  destroyed. 

Results 

Figure  4  consists  of  contour  plots  of  energy  density  for  two 

test  areas  (A  &D)exirac’.ed  from  the  digitized  SAR  data  Six  contour 
levels  are  given  in  3  dB  increments.  The  data  is  normalized  to  the 
highest  value  found  within  the  transform.  The  average  depth  for  each 
of  1.5  x  1.5  km1  areas  are  indicated  on  Figure  4.  Note  the  large 
amount  of  low  frequency  energy  on  the  contours  even  though  the 
data  was  extensively  corrected  to  reduce  the  DC  bias.  The  reason  for 
these  low  frequency  components  will  be  discussed  later.  These  contour 
plots  have  not  been  corrected  for  distortions  caused  by  wave  motion. 
The  SAR  process  distorts  the  apparent  wavelength  of  waves  moving 
in  the  azimuthal  direction  and  distorts  the  apparent  direction  of  waves 
with  a  velocity  component  in  the  range  direction.  A  detailed  description 
of  these  effects  and  the  appropriate  corrections  can  be  found  in  Raney 
and  Lowry  (1977)  and  Shuchman,  et  al.  (1979a).  The  contour  data 
presented  was  motion  corrected  and  those  results  will  be  presented  in 
table  form.  There  is  a  ISO'  ambiguity  in  wave  direction  measured 
by  SAR  which  was  resolved  by  assuming  the  waves  were  coming  from 
the  west  and  therefore  propagating  towards  the  shore. 

Close  inspection  of  the  contour  plots  indicates  dominant  wave¬ 
lengths  of  43,  48,  and  55  meters  have  been  resolved  by  the  spectral 
analysis.  Although,  spectral  energy  was  resolved  at  wavelengths  as 
short  as  26  m.  only  the  dominant  wavelengths  have  been  utilized  in 
the  analysis.  The  general  direction  of  wave  travel  in  the  nearshore 
region  is  approximately  30  T.  Note  that  wave  refraction  can  be  ob¬ 
served  when  comparing  the  oirection  obtained  in  area  D  with  the 
shallow  water  area.  A. 

Figure  5  is  a  scan  of  Doppler  history  for  stationary  land  and  the 
surf  zone.  Both  scans  used  a  1  x  1  km1  aperture.  The  surf  zone  scan  was 
centered  approximately  650  meters  offshore.  Note  on  Figure  5  how 
the  coastal  zone  (water)  scan  is  displaced  to  the  left  of  the  stationary 
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Figure  3.  General  study  area  showing  nearshore  bathymetry  and  lo¬ 
cations  of  fast  Fourier  transforms  performed  on  SAR  data 


Figure  4.  Contour  plots  of  fast  Fourier  transforms  (FFT's)  of  SAR 
X-Band  Lake  Michigan  wave  data 
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Figure  5.  Plot  of  Doppler  displacement  caused  by  radial  velocity 
component  of  longshore  current  averaged  over  1  km1  area 


(land)  target.  This  indicates  a  radial  motion  away  from  the  radar.  Re¬ 
call  from  Figure  I  that  the  radar  was  traveling  with  a  heading  of 
270°T.  thus,  the  longshore  current  sensed  by  the  radar  was  in  the 
northward  direction.  The  Af'  frequency  which  is  used  in  Equation  3 
is  indicated  on  the  figure.  This  Af'  is  corrected  for  a  bias  caused  by  the 
laser  illumination  in  the  SAR  optical  processor.  A  Af'  of  0.S5  Ip/mm 
was  detected,  which  indicates  a  current  velocity  of  approximately 
0.5  m/sec. 

A  summary  of  the  incident  surf  zone  conditions  during  the  SAR 
overflight  is  presented  in  Table  1.  They  were  obtained  by  statistical 
analysis  of  the  18-minute  continuous  sea  surface  elevation  record. 
A  representative  portion  of  this  surface  piercing  wave  staff  record  is 
presented  in  Figure  2.  A  one-dimensional  spectrum  of  this  wave  height 
data,  incident  at  the  outer  surf  zone,  is  shown  in  Figure  6.  The  domi¬ 
nant  frequencies  resolved  by  the  spectral  analysis  are  indicated  on 
the  figure.  In  addition,  the  calculated  wave  periods  and  deep  water 
wavelengths  are  also  shown  on  th-  figure  for  each  of  the  major  spec¬ 
tral  peaks.  These  correspond  to  deep  water  wavelengths  of  13,  26, 
36,  44  and  54  m,  respectively.  This  analysis  indicates  the  presence  of 
a  multi-component  incident  gravity  wave  group  with  dominant  periods 
in  the  range  of  3-6  s.  Significant  long-period  wave  components  have 
also  been  identified  with  the  wave  group.  The  periods  of  these  low  fre¬ 
quency  components  are  17, 40  and  a  less  significant  peak  at  59  seconds, 
respectively  and  appear  to  resemble  surfbeats  (Munk,  1949;  Tucker, 
1950).  These  results  are  consistent  with  measurements  of  nearshore 
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Table  1 

Incident  Surf  Zone  Conditions  at  the  Time  of  the  SAR  Overflight 

0.95  (m) 


Significant  Wave  Height 
Dominant  Wave  Periods 
Deep  Water  Wavelength 
Incident  Wave  Direction 
Longshore  Current  Velocity 
Longshore  Current  Direction 
Wind  Speed 
Wind  Direction 


5.9,  5.3, 4.8. 4.0, 2.9  (s) 
54.44,36.25.  13  (m) 
57°  *  5° 

0.26  (m/s) 

North  (360°  T) 

7.5-10  m/s 
230°  T 


multi-component  wave  trains  reported  by  Meadows  and  Wood  (1980). 

Incident  wave  direction  and  longshore  current  velocity  were  deter¬ 
mined  by  a  frame-by-frame  analysis  of  synchronous  motion  picture 
sequence  from  the  shore  based  directionally-mounted  camera.  The 
mean  wave  angle  of  attack  to' the  beach  was  determined  to  be  57"  —  5; 
(T)  and  the  mean  longshore  current  velocity  midway  actoss  the  active 
surf  zone  was  0.26  m  sec  flowing  toward  the  north. 

Comparison  Between  the  SAR  and  Surf  Zone  Measuremenis 

Table  2  provides  a  comparison  between  the  SAR  derived  surf  zone 
conditions  and  the  sea  truth  provided  by  the  surf  zone  array.  The 
values  presented  in  Table  1  represent  surf  zone  conditions  actually 
measured  at  the  shoreward  edge  of  test  area  A.  The  wave  directions 
and  wavelengths  were  then  corrected  for  depth  effects  using  classical 
linear  wave  theory.  The  depths  used  for  the  corrections  are  also  indi¬ 
cated  on  the  table.  The  SAR  derived  results  presented  in  Table  2  are 
also  corrected  for  the  previously  discussed  motion  distortions.  The 
excellent  agreement  between  SAR  observations  and  the  surf  zone 
sea  truth  shown  in  the  table  indicates  the  following: 

1.  The  dominant  surface  gravity  wave  wavelengths  and  direction 
are  obtainable  from  the  SAR. 

2.  These  observations  are  in  excellent  agreement  with  sea  truth, 
even  within  the  active  surf  zone. 

3.  Wave  refraction  can  be  observed  with  SAR  and  favorably  com¬ 
pares  to  the  calculated  refraction  using  classical  linear  wave 
theory. 

The  SAR  derived  radial  current  velocity  measurement  of  0.5  m/sec 
was  higher  than  reported  in  Table  1  (0.26  m  sec).  However,  recall 
that  the  current  measurement  derived  from  the  SAR  was  not  taken 
in  the  surf  zone  but  was  centered  650  m  from  the  shc-e.  Meadows 


Figure  6.  One-dimensional  wave  height  spectrum  of  water  surface 
elevation  time  history  from  resistance  wave  gauge.  Dominnnt  wave 
periods  and  wavelengths  are  as  follows:  (1)  T  =  40  0  s.  L  =  685  9 
m:  (21  T  =  l7  2  s.  L  =  294  9  m.  (3)  T  =  8.1  s.  L  =  138.9  m; 
(4)  T  =  5  9  s.  L  =  54.3  m;  (5)  T  —  5.3  s,  L  =  43.8  m;  (6)  T  = 
4  8  s.  L  =  35.9  m;  (7)  T  ^  4.0  s.  L  -  '<.5.0  m;  (8)  T  =  2.9  s,  L  = 
13.1  m;  (9)  T  =  2.6  s,  L  =  10.5  m;  (10)  T  =  2.3  s,  L  =  8.25  m. 


Table  2.  Comparison  Between  the  SAR  Derived  Surf  Zone 
Condition  and  the  In  Situ  Sea  Truth 


Test 

Area 

Distance 

from 

Shore  (M) 

SAR  Derived 

Sea  Truth* 

Depth 

(M) 

Dominant 

Wavelength 

(M) 

Direction 

(T9 

Wavelength 

(M) 

Direction 

(T) 

48 

47.72 

A 

900 

10.5 

43 

35  =  3 

43.7 

34  =  2 

53.8 

B 

2200 

14 

55 

30-3 

43.7 

30-2 

55 

55.3 

C 

4600 

27 

43 

25  =  3 

45.7 

2S  =  2 

48 

55 

55.3 

D 

6900 

31 

48 

25  -  3 

45.7 

28-2 

*  Actual  measurements  made  at  surf  zone,  values  for  test  areas  a-d  are 
depth  corrected. 
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(1977  and  1979),  reports  that  under  certain  conditions,  an  increase  in 
longshore  current  velocity  as  one  moves  from  the  surf  zone  into 
deeper  water  may  be  expected.  As  presented  earlier,  the  SAR  Doppler 
measurement  is  a  radial  velocity  and  is  denoted  by  a  line  of  sight. 
Thus,  only  rather  coarse  directional  information  is  obtainable:  in  this 
case,  a  current  velocity  away  from  the  radar  look  direction  (north¬ 
ward  flowing  current).  Two  orthogonal  flight  headings  and  resulting 
current  measurements  could  greatly  enhance  the  directional  sensing 
capability. 

Discussion 

The  SAR  spectrum  data  presented  in  Figure  4  are  wave  number 
spectrum  of  the  radar  intensity  and  as  such  are  not  expected  to  have 
the  same  appearance  as  the  one-dimensional  spectrum  from  the  resis¬ 
tance  wave  gauge  (Figure  6)  which  was  determined  from  wave  height 
and  period  data.  Even  if  the  wave  number  spectrum  is  converted  to  a 
frequency  spectrum  or  vice-versa,  it  is  clear  that  the  SAR  spectra 
examined  here  cannot  be  easily  transformed  to,  or  interpreted  as,  wave 
height  spectra.  However,  the  wave  number  and  direction  of  the  peak 
energy,  determined  from  SAR  spectra,  agree  very  well  with  in  situ 
measurements.  Synoptic  availability  of  even  these  parameters  is  cur¬ 
rently  unobtainable  by  conventional  ground-based  measurements.  This 
addition  represents  a  significant  advance  in  large  scale  wave  data 
acquisition. 

Both  of  the  SAR  derived  wave  spectra  presented  in  Figure  4 
exhibit  significant  low  frequency  components.  These  components 
were  observed  even  after  the  digital  SAR  data  was  extensively 
smoothed  and  the  intensity  falloif  in  the  range  direction  was  digitally 
corrected.  The  low  frequency  (near  zero  wave  number)  components 
could  in  fact  be  real  components  of  the  sea  surface  and  will  be 
further  evaluated  in  a  follow-on  study. 

Summary 

Synthetic  aperture  radar  (SAR)  surface  gravity  wave  data  of  the 
coastal  zone  of  a  portion  of  Lake  Michigan  has  been  compared  to 
in  situ  surf  zone  wavelength,  period,  direction,  and  surface  current 
information.  The  comparisons  were  favorable,  indicating  SAR's  utility 
as  a  tool  to  remotely  sense  coastal  zone  conditions.  This  could  in 
turn  enable  oceanographers  to  synoptically  study  the  entire  coastline 
of  large  water  bodies.  This  data  could  then  prove  useful  in  mapping 
not  only  surface  wave  climates  and  currents,  but  also  provide  a 
mechanism  for  rapid  and  large  scale  assessment  of  changes  in  coastal 
conditions. 

Specifically,  this  study  has  shown: 

1.  SAR  derived  wavelengths  and  directions  are  in  good  agreement 
with  sea  truth, 

2.  SAR  spectra  taken  in  various  water  depths  do  correlate  with 
predicted  wave  refraction, 

3.  Longshore  current  direction  and  relative  magnitude  as  obtain¬ 
able  from  SAR  Doppler  history  are  in  reasonable  agreement 
with  sea  truth,  and 

4.  Low-frequency  components  observed  on  SAR  spectra  seem  to 
correlate  with  low  frequency  “surf  beat"  found  in  sea  truth 
spectral  estimates. 

It  should  be  mentioned  when  utilizing  SAR  data  such  as  presented 
in  this  paper,  that  the  SAR  spectral  estimates  presented  are  wave 
number-directional  spectra  of  the  radar  return  intensity.  The  data  does 
not  represent  wave  height  information,  at  least  not  in  a  recognizable 
form.  The  modulation  transfer  function  (i.e.,  SAR  gravity  wave 
imaging  mechanism)  is  not  totally  understood  at  the  present  time.  The 
determination  of  the  transfer  function  as  well  as  determination  of  wave 
height  using  SAR  data  will  be  a  major  scientific  advance.  At  that 
time,  it  would  then  be  possible  to  use  SAR  gravity  wave  data  to 
obtain  power  density  estimates  of  the  sea  surface. 
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Abstract — A  number  of  models  exist  that  attempt  to  explain  wave 
imagery  obtained  with  a  synthetic  aperture  radar  (SAR).  These 
models  are  of  two  types;  static  models  that  depend  on  instantaneous 
surface  features  and  dynamic  models  that  employ  surface  velocities. 
Radar  baefcseatter  values  (o  „)  were  calculated  from  1.3-  and  9.4-GHz 
SAR  data  collected  off  Marineland.  FI..  The  oy  data  (averaged  over 
many  wave  trains)  collected  at  Marineland  can  best  be  modeled  by  the 
Bragg  Rice  Phillips  model  which  is  based  on  roughness  variation  and 
the  complex  dielectric  constant  of  oceans.  This  result  suggests  that 
capillaries  on  the  surface  of  oceanic  waves  are  the  primary  cause  for 
the  surface  return  observed  by  a  SAR.  Salinity  and  temperature  of 
the  sea  at  small  and  medium  incidence  angles  produce  little  effect 
upon  sea-surface  reflection  coefficients  at  f-band.  for  either  of  the 
linear  polarizations. 

The  authors*  observation  of  moving  ocean,  imaged  by  the  SAR  and 
studied  in  the  SAR  optical  correlator,  support  a  theory  that  the  ocean 
surface  appears  relatively  stationary  in  the  absence  of  currents.  The 
reflecting  surface  is  most  likely  moving  slowiy  (i.e.,  capillaries) 
relative  to  the  phase  velocity  of  the  Irrge  gravity  waves. 

1.  INTRODUCTION 

HIS  PAPER  discusses  a  specialized  form  of  side-looking 
airborne  radar  (SLAR)  called  a  synthetic  aperture  radar 
(SAR).  SAR  utilizes  the  Doppler  history  (change  of  phase) 
associated  with  the  motion  of  the  aircraft,  recording  both  the 
phase  and  the  amplitude  of  the  backscattered  energy,  thus 
improving  the  along-track  or  azimuth  resolution.  The  longer 
the  radar  data  length,  the  greater  the  improvement  in  the 
along-track  resolution  of  the  system. 

The  principle  in  imaging  any  surface  with  a  radar  is  that  the 
backscatter  of  microwave  energy  (echo  or  radar  cross  section) 
received  by  the  radar  receiver  contains  information  on  the 
roughness  characteristics  (shapes,  dimensions,  and  orientations) 
of  the  reflecting  area.  These  parameters  that  influence  the 
echo  received  from  ocean  waves  include  the  motion  of  the 
scattering  surfaces,  the  so-called  speckle  effect,  system  resolu¬ 
tion,  and  noncoherent  integration,  as  well  as  contributions 
attributable  to  wind,  waves,  surface  currents,  and  surface 
tension.  Also,  the  orientation  of  ocean  waves  to  the  radar  look 
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direction  must  be  considered.  When  attempting  to  understand 
the  SAR  ocean-wave  imaging  mechanism,  one  must  also  con¬ 
sider  factors  pertaining  to  wave  orbital  velocity,  Bragg  scatter 
velocity,  and  long  (or  resolvable)  wave  phase  velocity  [  1  ] ,  |2] . 

Several  models  exist  that  attempt  to  explain  wave  imagery 
obtained  with  a  SAR.  These  models  are  of  two  types;  static 
models  that  depend  on  instantaneous  surface  features,  and 
dynamic  models  that  employ  surface  velocities.  SAR  imagery 
has  been  discussed  in  the  literature  using  both  types;  though  as 
yet  there  exists  no  widely  accepted  understanding  of  the 
imaging  mechanism  for  SAR’s.  This  paper  attempts  to  draw 
together  analytical  and  experimental  results  based  on  a  combi¬ 
nation  of  these  two  types  in  order  to  approach  a  more  satis¬ 
factory  model  for  SAR  ocean-wave  imaging. 

II.  RADAR  SYSTEM  AND  FLIGHT  PATTERNS 

The  experimental  observations  presented  in  this  paper  were 
obtained  with  a  SAR.  These  models  are  of  two  types;  static 
of  Michigan  (ER1M)  dual-frequency  and  dual-polarized  SAR 
system.  The  ERIM  X-L  system  described  by  [3]  consists  of  a 
dual-wavelength  and  dual-polarization  SAR  [4] ,  [5  ]  that 
simultaneously  images  at  T-band  (3.2  cm)  and  L- band  (23.5 
cm).  Alternate  X-  and  L- band  pulses  (chosen  to  be  either  hori¬ 
zontally  or  vertically  polarized)  are  transmitted,  and  reflec¬ 
tions  of  both  polarizations  are  received;  thus  four  channels  of 
radar  imagery  are  simultaneously  obtained.  Both  polarizations 
of  A"-band  are  recorded  on  one  film,  both  polarizations  of  L- 
band  on  the  other.  The  Marineland  data  presented  in  this 
paper  were  obtained  from  the  horizontal-transmit  horizontal- 
receive  channel  (HH)  of  both  the  X-  and  L -band  receivers.  The 
polarization  of  the  electromagnetic  radiation  is  defined  by  the 
direction  of  the  electric  field  intensity  vector  L.  For  example, 
a  horizontally  polarized  wave  will  have  its  E  vector  parallel  to 
the  local  horizon.  Data  were  calibrated  against  the  return  from 
corner  reflectors  of  known  radar  cross  section. 

The  SAR  ocean  data  set  presented  was  collected  ty  the 
ERJM  SAR  system  at  Marineland,  FL,  during  mid-December, 
1975.  The  Marineland  experiment  was  conducted  to  obtain 
SAR  ocean-wave  data  in  support  of  SEASAT-A  with  its/. -band 
SAR  (launched  June,  1978).  The  specific  objectives  of  the 
Marineland  experiment  are  outlined  in  [6] .  Wave  heights  and 
directions  of  long  waves  and  slope  intensities  of  capillary  and 
short  gravity  waves  were  measured  by  an  array  of  in  situ 
instruments,  including  a  capillary  sensor  mounted  on  a  wave 
follower,  a  pitch-and-roll  buoy,  and  paired  orthogonal  current 
meters. 

The  ERJM  radar  was  flown  over  the  Marineland  test  area 
using  a  flight  pattern  shown  in  Fig.  1 .  This  enabled  the  authors 
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Fig.  1.  ERIM  flight  patterns  flown  over  Marineland  test  site. 


Fig.  2.  Radar-look  direction  with  relation  to  wavefront  and  wind  di¬ 
rections  for  December  10,  1975. 

to  study  the  sensitivity  of  wave  orientation  to  radar-look 
direction. 

The  data  discussed  in  this  paper  were  collected  on  December 
10  and  15,  1975.  Fig.  2  summarizes  the  flight  lines,  wind,  and 
wave  conditions  on  December  10,  1975.  Note  from  the  figure 
that  an  off-shore  wind  existed  which  was  blowing  from  310° 
(true)  towards  the  incoming  waves  which  were  propagating 
towards  340°  (true).  The  wind  was  blowing  at  14-20  knots 
while  the  significant  wave  height  was  0.8-1 .25  m  with  a  period 
of  5-6  s.  On  December  15,  a  wavetrain  identified  as  swell  (8-s 
period)  was  traveling  in  the  approximate  direction  of  275° 
with  respect  to  true  north.  The  significant  wave  height  (Ht  /i) 
was  1.5-1 .8  m.  The  wind  speed  at  the  site  on  December  15 
was  5-7  m-s“  1  from  the  east,  a  direction  of  90°  with  respect 
to  true  north. 

Propagating  ocean  wave  data  collection  by  a  SAR  is  not 
necessarily  suited  to  conventional  processing  techniques  which 
assume  stationary  objects.  Because  moving  ocean  waves  may 


perturb  the  Doppler  frequencies,  and  hence  the  phase  histories 
recorded  on  the  anamorphic  zone  plate  [7] ,  the  conventional 
processing  of  these  zone  plates  produces  images  of  the  waves 
that  are  defocused  in  the  azimuth  direction  relative  to  stationary 
terrain.  This  defocusing  by  the  along-track  velocity  of  the 
moving  ocean  waves  can  be  refocused  in  the  processor.  This  is 
done  by  readjusting  the  azimuth  focus  (cylindrical  focus)  an 
amount  proportional  to  the  relative  velocity  of  the  wave- 
trains  [8} . 

The  coherently  sensed  radial  motion  of  a  moving  ocean 
wave  imaged  by  a  SAR  will  also  perturb  the  signal  history  of 
a  scatterer.  Radial  wave  velocity  produces  an  apparent  tilt  to 
the  phase  history  as  recorded  on  the  signal  film.  In  addition , 
the  scatterer  history  if  coherent  will  also  shift  across  the  signal 
film.  The  rotation  effect  described  above  is  referred  to  as 
“range  walk”  and  can  be  compensated  by  rotation  of  the 
cylindrical  optics  in  the  processor.  These  along-track  and 
radial-velocity  effects  will  be  discussed  in  greater  detail  in  the 
section  dealing  with  a  dynamic  model  of  SAR  wave  imagery. 

III  .  STATIC  MODELS 

The  three  principal  static  models  for  the  backscatter  (o0) 
from  the  ocean  are  the  facet,  Bragg-Rice,  and  the  Rayleigh 
scattering  models.  The  tangent  plane  or  facet  model  is  based 
on  reflections  from  areas  whose  slopes  are  oriented  normal  to 
the  line  of  sight.  It  is  assumed  that  the  surface  radius  of  cur¬ 
vature  exceeds  the  radar’s  wavelength  and  that  one  can  neglect 
multiple  scattering  and  shadowing  effects  [9] .  The  radar  cross 
section  of  the  facet  model,  according  to  [10] ,  is 

°o(0)  =  cot2  ft>  exP  (“tan  0/tan  0of  (1 ) 

where  6  is  the  radar  incidence  angle,  and  tan  do  =  2 o/T,  T 
being  the  autocorrelation  distance  for  a  rough  surface  whose 
heights  are  normally  distributed  with  standard  deviations  a. 

The  Bragg-Rice  model  uses  the  concept  that  the  ocean  sur¬ 
face  can  be  represented  by  a  combination  of  periodic  surfaces, 
so  that  the  dominant  backscatter  will  match  some  portion  of 
the  ocean-wave  spectrum.  The  model  assumes  that  the  number 
of  favorable  additions  satisfies  the  criterion  of  adequate 
sample  size,  that  the  height  and  slopes  of  the  backscattering 
elements  are  small  relative  to  the  incident  wavelength,  and  that 
their  distribution  is  isotropic.  The  maximum  return,  as  meas¬ 
ured  and  reported  in  [  1 1  ] ,  is  obtained  when 

kw  =  2k  sin  8  (2) 

where  kw  =  2tr IL  and  k  =  2rr/X  are  the  wavenumbers  and  L 
and  X  the  wavelengths,  respectively,  of  the  capillary  waves  and 
the  radar.  For  this  model,  the  radar  cross  section 

o0(8)  =  4nk*  cos4  8  \R(8,  <k) 1 2  W(k)  (3) 

where  R{8,  ^)  is  the  reflectivity  as  a  function  of  the  surface 
electromagnetic  properties,  the  incidence  angle  6  measured 
from  nadir,  and  the  polarization  angle  \p,  and  where  1F(X)  is  the 
energy  density  spectrum  of  surface  height  variation  evaluated 
at  the  Bragg  resonant  condition  in  (2).  The  energy  density 
spectrum  W(K)  can  he  defined  for  the  high-frequency  region  of 
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Fig.  3.  Comparison  of  .V-band  and  t-band  data  obtained  at  Marine- 
land  on  December  15,  1975,  with  the  facet  model  (solid  line)  and 
with  the  range  of  data  reported  by  [10]  (dashed  lines). 

the  spectrum  as  Bk~* ,  where  reasonable  bounding  values  of  B 
are  approximately  6  X  10"  3  for  gravity  waves  and  1.5  X  10-2 
for  capillary  waves  [12] . 

Backscatter  from  the  sea  is  composed  of  contributions  from 
many  fluctuating  individual  scatterers,  which  in  the  Rayleigh 
scattering  model  are  represented  by  segments  of  spheres  or 
complex  shapes  that  are  small  relative  to  the  radar  wavelength. 
The  resultant  echo  varies  in  time,  reflecting  relative  phase 
differences  among  the  echoes  received  from  each  of  the  scat¬ 
tering  elements  [13] .  The  resultant  radar  cross  section,  which 
is  relatively  insensitive  to  look -direction  because  the  scattering 
elements  are  moving  randomly  and  are  distributed  nearly 
isotropically,  is  described  by  a  probability  density  function. 
According  to  [14] ,  the  Rayleigh  scattering  is  more  sensistive 
to  vertical  polarization  and  more  applicable  to  wide  pulse- 
widths,  wherein  the  received  echo  contains  returns  from  several 
breaking  waves,  added  noncoherently. 

Two  of  the  static  models,  the  facet  and  Bragg-Rice  scatter¬ 
ing  models,  were  evaluated  with  data  from  the  Marineland 
experiment  as  previously  mentioned.  Analysis  indicates  the 
facet  model  agrees  only  marginally  with  the  data  obtained 
with  the  SAR’s  operated  by  ERIM.  Results  shown  in  Fig.  3 
include  the  range  of  data  reported  [16] ,  and  A-band  (X  =  3.2 
cm)  and  /.-band  (X  =  23.5  cm)  measurements  normalized  to 
the  1 2-knot  wind  speed  measured  at  Marineland  (equivalent  to 

ft,  =  10°). 

Alternatively,  the  Bragg-Rice  model  discussed  in  [7]  and  in 
[14]  offers  more  promise.  For  the  HH  polarization  case,  the 
reflection  coefficient  function  R  of  (3)  is  given  by 

sin  7  —  V*.  —  cos5  7 

Ho  =~. - T  - j  (4) 

Sin  7  +  VEr  ~  COS^  7 

where  er  is  the  relative  dielectric  constant  of  the  ocean  and 
7  =  rr/2  -  9  is  the  grazing  angle  (see  [14]).  The  superscript  - 
is  used  to  indicate  the  HH  polarization  case.  The  subscript  0 


Incidence  angle  (degrees) 

Fig.  4.  Variation  of  the  normalized  oq  (HH)  at  A'-band  with  incidence 
angle  and  wind  speed.  The  line  represents  the  Bragg  scattering  re¬ 
lationship.  Data  are  from  1 15]  and  the  ERIM  radar. 


Fig.  5.  Variation  of  the  normalized  o0  (HH)  at  /.-band  with  incidence 
angle  and  wind  speed.  The  line  represents  the  Bragg  scattering  re¬ 
lationship.  Data  are  from  [  15)  and  the  ERIM  radar. 


means  that  the  reflection  coefficient  is  for  a  smooth  surface 
only.  The  reflection  coefficient  R0 *  for  W  polarization 
differs  from  (4)  by  having  an  additional  factor  er  inserted  in 
the  first  term  of  both  numerator  and  denominator.  Roughness 
may  then  be  accounted  for  by  a  factor  f ,  giving  complete 
reflection  coefficients  R  =  f/?0+.  Now,  recalling  the  Phillips 
bound  for  B^/?)  [12] ,  one  finds 

°oHh  =  1  X  10“  3  \R0~  I2  tan4  y  (5) 

as  an  upper  bound  for  the  Bragg-Rice  model.  Data  summarized 
in  [15] ,  together  with  data  obtained  by  ERJM  on  December 
15,  are  shown  in  Fig.  4  for  A’-band  (using  er  =  48.3  -  34.9 i) 
and  in  Fig.  5  for  /.-band  (using  e,  =  73  -  85/).  The  Bragg- 
Rice-Phillips  upper  bound  is  shown  as  a  solid  line.  For  the 
limited  range  of  incidence  angles,  agreement  between  theory 
and  data  is  good. 

In  summary,  the  reflectivity  of  a  large  area  of  sea  surface 
observed  by  a  SAR  which,  when  averaged  to  yield  a  coarse 
resolution  reflectivity  estimate,  provides  an  apparent  bright¬ 
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Fig.  6.  Reflection  coefficient  versus  depression  angle  for  temperature 
and  salinity  ranges  at  /.-hand 

ness  that  approaches  the  Bragg-Rice-Phillips  upper  bound. 
This  suggests  that  capillaries  on  the  surface  of  the  oceanic 
waves  are  the  primary  basis  for  the  surface  properties  observed 
by  both  real  and  synthetic  aperature  radar  [16] . 

IV.  SEA  REFLECTION  COEFFICIENT  VARIATION 
WITH  TEMPERATURE  AND  SALINITY 

Large  o0  variations  were  observed  in  the  SAR  data  collected 
near  the  Gulf  Stream  during  the  Marineland  experiment.  The 
question  then  arises  to  what  extent  are  these  a0  variations  due 
to  temperature  and  salinity  effects  upon  the  reflection  coeffi¬ 
cient.  This  query  is  also  germane  to  the  examination  of  SAR 
data  collected  by  the  SEASAT  satellite. 

At  small  and  medium  incidence  angles,  the  effects  of  tem¬ 
perature  and  salinity  variations  upon  sea-surface  reflection 
coefficients  for  either  of  the  linear  polarizations,  seem  to  be  of 
insignificant  proportions.  At  large  incidence  angles,  i.e.,  near 
grazing,  there  is  a  more  pronounced  change  in  the  behavior  of 
the  vertical  polarization  reflection  coefficient.  In  fact,  in  the 
vicinity  of  80°  incidence,  the  ratio  of  the  reflection  coefficient 
for  high  temperature,  high  salinity  to  the  reflection  coefficient 
for  low  temperature,  low  salinity  can  take  an  excursion  of  as 
much  as  20  dB. 

Using  values  of  e'  and  e"  (real  and  imaginary  parts,  respec¬ 
tively,  of  er)  representative  of  cold  fresh  water  (~0°C)  and  high- 
temperature  sea  water  (~30°C;  35  ppt  salinity)  as  recorded  in 
[17],  expressions  for  IR^-  I2  and  lR0+  I2  have  been  calcu¬ 
lated  as  a  function  of  depression  angle  y  and  are  shown  in  Fig. 
6.  The  value  e"  =  150  may  seem  high  for  higher  temperature 
sea  water;  however,  Hollinger  [17]  shows  the  possibility  of 
very  high  e"  values  for  frequencies  of  1  GHz  and  lower.  In  any 
case,  in  going  from  low-temperature  fresh  water  to  high-tem¬ 
perature  sea  water,  the  difference  in  reflection  coefficient 
values  for  either  of  the  horizontal  or  vertical  polarization  cases 
is  not  startling,  being  at  most  some  25  percent  for  the  vertical 
polarization  reflection  coefficient  for  medium  to  large  depres¬ 
sion  angles.  However,  the  ratio,  particularly  of  the  vertical 
polarization  reflection  coefficient  values,  does  attain  appreci¬ 
able  size  for  small  depression  angles,  chiefly  because  both 
vertical  polarization  reflection  coefficents  take  such  low  values 
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Fig.  7.  Behavior  of  vertical  and  horizontal  polarization  reflection  co¬ 
efficients  for  low  and  high  temperature  and  salinity  conditions  at 
A'-band. 
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Fig.  8.  Reflection  coefficient  versus  depression  angle  for  temperature 
and  salinity  ranges  at  A -band. 

at  those  angles.  Fig.  7  shows  these  ratios  plotted  in  decibels. 
The  horizontal  polarization  reflection  coefficient  ratio  scarcely 
budges  from  0  dB  over  the  whole  angular  range.  But  the 
vertical  polarization  reflection  coefficient  ratio  exceeds  20  dB 
in  the  vicinity  of  an  8°  depression  angle. 

The  foregoing  discussion  is  pertinent  for  frequencies  in  the 
vicinity  of  1  GHz.  At  10  GHz,  the  value  of  e'  should  decrease 
somewhat  to  about  the  order  of  50.  However,  the  change  of 
e'  from  75  to  50  causes  an  almost  imperceptable  change  in  the 
reflection  coefficient  values.  The  value  of  e"  also  changes  at 
10  GHz  to  a  value  of  approximately  40.  Moreover,  at  10  GHz, 
the  value  of  €  =  50  +  40i  is  essentially  constant  for  the  tem¬ 
perature  range  0°  to  20°C  and  for  the  salinity  range  0  to  35 . 
Fig.  8  shows  the  reflection  coefficients  IR0+  I2  and  IR0~  I2 
as  a  function  of  depression  angle  at  the  average  permittivity  of 
e  =  50  +  4Qi  for  10  GHz.  Note  that  since  the  reflection  coeffi¬ 
cient  varies  monotonically  with  e",  the  10-GHz  curve  falls 
within  the  range  of  values  shown  in  Fig.  8  for  L-band. 

In  conclusion,  changes  in  smooth-sea  reflectivity  due  to 
changes  in  temperature  or  salinity  may  be  observable  at  1- 
band.  But  it  is  unlikely  that  such  is  the  case  at  Jf-band  (Fig.  7), 
particularly  if  the  incidence  angle  is  less  than  60°  (as  was  the 
case  in  the  Marineland  measurements).  It  should  be  noted  that 
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this  discussion  has  only  considered  the  effect  of  salinity  and 
temperature  on  the  radar  reflectivity.  The  authors,  to  date, 
have  not  considered  the  effects  of  temperature  and  salinity  on 
the  surface  capillary  wave  field  (i.e.,  the  effects  of  temperature 
and  salinity  on  the  roughness  factor  f  )  which  could  indeed  be 
affected  by  these  two  parameters.  Thus  SAR  might  be  able  to 
detect  temperature  and  salinity  differences  by  detecting  subtle 
differences  in  the  capillary  wave  field. 

V.  BACKSCATTER  DISTRIBUTION  STUDIES 

The  radar  backscatter  distributions  of  Marineland  data  were 
examined  to  ascertain  wind  and  wave  propagation  sensitivity 
in  respect  to  the  radar-look  direction.  The  results  are  disap¬ 
pointing  in  the  sense  that  the  distributions  display  no  special 
features  that  can  be  assoicated  with  up- ,  cross- ,  or  down-wave 
conditions  for  these  data. 

Distributions  of  data  sets  corresponding  to  incidence  angles 
of  20°,  30°,  40°,  and  50°  for  Passes  3,4, 5,6,7,  and  8  of  the 
Marineland  flight  of  12/10/75  for  Af-band  HH  were  examined. 
The  directions  of  the  6  passes  with  respect  to  (ocean)  wave- 
front  direction  and  wind  direction  were  shown  in  Fig.  2.  Pass 
8  is  down-wave;  Passes  3  and  6  are  up-wave,  with  Pass  6  being 
cross-wind;  Pass  3  is  with.  Pass  8  against,  the  wind.  Pass  5  is 
both  cross-wave  and  cross-wind.  Passes  4  and  7  are  down-wave 
and  against  the  wind. 

The  film-recorded  backscattered  return  from  the  sea  is 
digitized  in  such  a  way  that  amplitudes  of  digitized  output  are 
proportional  (normalized  to  an  arbitrary  level  convenient  to 
the  digitization  process)  to  square  root  of  power  received.  The 
resulting  data  may  be  adjusted  to  account  for  resolution, range, 
and  antenna  pattern,  in  which  case  the  average  level  of  the 
data  considered  for  A'-band  HH  corresponds  approximately  to 
a  a0  value  of  -15  dB.  Samples  consisting  of  12  500  digitized 
amplitude  points  were  chosen  for  statistical  analysis.  These 
points  are  obtained  from  an  azimuth  swath  extending  over  100 
pixels  and  a  range  swath  extending  over  125  pixels.  Each  pixel 
(or  sample  in  a  resolution  cell)  is  approximately  equivalent  to 
a  square  1 .5  m  on  a  side. 

Of  the  normal,  log-normal  [18] ,  and  gamma  distributions 
(which  includes  the  well-known  Rayleigh  distribution  as  a 
special  case),  the  digitized  data  examined  are  most  closely 
fitted  by  the  log-normal;  and  this  statement  remains  true  for 
all  incidence  angles,  all  wind  conditions,  and  wave-look  direc¬ 
tions  mentioned  at  the  beginning  of  this  section  ([15]  reports 
log-normal  descriptions  for  real  aperture  radar  data  of  ocean 
surfaces).  But,  although  the  type  of  distribution  does  not 
change  with  changing  sea  conditions,  the  parameters  of  the 
distribution  do  change.  Fig.  9  shows  how  the  shape  (standard 
deviation)  and  position  (mean)  of  the  distribution  may  change 
with  wave-look  direction  for  a  fixed  incidence  angle  0t  =  20°. 
The  totality  of  data  distributions  examined  show  that  no 
special  features  can  be  associated  with  up- ,  cross- ,  down-wave, 
or  wind  conditions.  Fig.  10  shows  the  comparison  of  distribu¬ 
tions  as  a  function  of  incidence  angle  for  the  up-wave  condi¬ 
tion.  Similar  relationships  also  result  for  the  cross-  and  down- 
wave  conditions.  One  finds  (Fig.  1 1)  a  perceptable  decrease  of 
standard  deviation  with  increasing  incidence  angle  for  the  up- 
and  cross-wave  conditions.  The  standard  deviation  for  the 


o  3  up 
*  5  cross 


Fig.  9.  Comparison  of  up- ,  down- ,  and  cross-wave  distribution  for 
»/  =  20°,  *HH. 


Fig.  10.  Comparison  of  distributions  of  Marineland  AHH  Fas*  3  data 
fore,  =  20°,  30°,  40°,  50”. 


Fig.  11.  Adjusted  standard  deviation  versus  incidence  angle. 


down-wave  condition  is  more  nearly  constant  with  increasing 
incidence  angle. 

To  summarize,  distributions  have  been  determined  for 
moderate-sized  samples  of  A'-band  ocean  data  measured  at 
Marineland  for  incidence  angles  of  20°,  30°,  40°,  and  50°  and 
for  up- ,  cross- ,  and  down -wave  conditions.  Note  (Fig.  2)  that 
the  Marineland  conditions  were  such  that  the  wind  was  blow- 
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ing  against  the  direction  of  wave  travel.  The  log-normal  distri¬ 
bution  appears  to  fit  the  data  histograms  better  than  either  the 
gamma  or  the  normal  distributions. 

The  Af-band  data  distributions  do  not  provide  any  special 
features  that  can  be  associated  with  up- ,  cross- ,  or  down-wave 
conditions.  For  example,  the  trends  of  the  adjusted  mean  na 
and  standard  deviation  oa  for  Passes  3  and  7  are  reversed  for 
Passes  6  and  4  (the  order  in  both  cases  being  essentially  up- 
and  down-wave).  This  result  is  in  contrast  to  some  preliminary 
/.-band  findings  for  tundra,  ice,  and  mountains.  There,  the 
type  of  distribution  appears  to  change  from  log-normal  for 
tundra  and  ice  to  gamma  for  mountains  for  depression  angles 
of  30°.  Of  course,  this  same  behavior  might  not  be  in  evidence 
at  A'-band,  so  perhaps  we. should  not  expect  any  special  distri¬ 
butional  behavior  of  the  up- ,  cross- ,  and  down-wave  data. 

The  Af-band  data  distribtuions  for  a  fixed-wave  condition 
do,  however,  change  their  mean  locations  and  their  shapes 
(standard  deviations)  with  changes  of  incidence  angle.  The 
trend  of  the  means  with  incidence  angle  is  similar  to  the  trend 
of  the  Bragg-Rice-Phillips  theory  as  presented  previously. 

VI.  DYNAMIC  MODELS 

Application  of  static  models  to  non-SAR  radars  has  been 
reasonably  satisfying.  However,  static  models  alone  cannot  be 
sufficient  for  SAR’s  which,  by  definiton,  are  very  sensitive  to 
coherently  sensed  Doppler  velocity  components  in  the  scene 
to  be  imaged.  The  effects  of  motion  of  wave  elements  on  SAR 
imagery,  in  order  of  importance,  include  azimuthal  displace¬ 
ment,  azimuthal  image  smearing,  loss  of  azimuth  focus,  reduc¬ 
tion  of  wave  contrast,  and  loss  of  range  focus.  The  principles 
of  wave  motion  must  be  incorporated  into  the  static  models  to 
arrive  at  a  more  satisfying  SAR  imaging  theory  for  waves. 

Dynamic  models,  applied  to  SAR  imaging,  concentrate  on 
either  the  phase  velocity  or  on  the  orbital  velocity  of  ocean 
waves.  Early  attempts  to  explain  SAR  wave  imagery  depended 
on  phase  velocity  effects,  and  more  recent  work  tends  to 
develop  orbital  motion  models. 

The  motion  of  ocean  waves  imaged  by  a  SAR  system  may 
be  blurred  if  the  imaged  waves  move  a  substantial  distance 
during  the  time  they  are  in  the  radar  antenna  beamwidth. 
These  blurring  effects  may,  in  some  cases,  be  removed  by 
compensatory  adjustments  of  the  optical  correlator  processor. 
In  the  case  of  azimuth  traveling  waves,  the  correction  produc¬ 
ing  the  best  azimuth  focus  may  be  explained  on  the  basis  of  a 
radar  scatterer  moving  at  the  phase  velocity  of  the  ocean  wave 
(8).  This  is  not  the  case,  however,  for  range  traveling  waves 
where  a  point  scatterer  moving  at  the  phase  velocity  of  the 
wave  would  displace,  but  not  defocus,  the  wave  image.  The 
observed  defocusing  can  be  accounted  for  if  we  assume  the 
radar  signals  are  reflected  from  a  nearly  stationary  scattering 
surface  with  variable  reflectivity  modulated  by  the  passage  of  a 
moving  ocean  wave. 

The  proposed  model  presumes  that  the  ocean  scattering 
surface  producing  visible  wave  imagery  is  nearly  stationary 
relative  to  the  phase  velocity  of  the  imaged  waves.  This  might 
be  the  case  where  the  scatterers  producing  the  wave  image 
were  moving  at  orbital  velocity  of  the  wave  which  is  generally 
an  order  of  magnitude  lower  than  the  phase  velocity.  It  would 
also  be  true  if  the  scatterers  were  moving  at  the  phase  velocity 


of  the  capillary  waves  that  produce  the  Bragg-Rice  reflections 
noted  in  Section  III. 

In  any  event,  the  proposed  model  does  not  presume  to 
establish  that  the  scattering  surface  is  absolutely  stationary, 
but  that  it  is  moving  at  velocities  an  order  of  magnitude  lower 
than  the  phase  velocity  of  the  imaged  waves. 

The  authors  will  be  showing  that  a  series  of  measurements 
and  observations  made  using  the  ERIM-SAR  optical  correlator 
may  be  explained  on  the  basis  of  an  absolutely  stationary  sur¬ 
face  model.  The  observations,  in  fact,  would  be  also  consistent 
with  a  model  that  allows  for  velocities  of  the  scattering  surface 
which  are  small  compared  to  the  phase  velocity  of  the  imaged 
waves. 

A  stationary  surface  model  is  consistent  with  the  following 
observations: 

1)  Measurements  of  the  azimuth  Doppler  spectrum  shift  for 
a  series  of  range  traveling  waves  indicate  a  scattering  surface 
velocity,  at  most,  an  order  of  magnitude  lower  in  value  than 
the  phase  velocity  of  the  waves. 

2)  Radar  image  contrast  for  range  traveling  waves  is  maxi¬ 
mized  when  the  cylindrical  optics  used  to  focus  the  azimuth 
signal  histories  are  rotated  an  amount  proportional  to  the 
waves’  phase  velocity.  No  shifting  of  the  azimuthal  spectrum 
bandpass  is  required. 

3)  Wave  images  made  from  separated  Doppler  spectral  bands 
show  range  displacements  equal  to  the  wave  phase  velocity 
times  the  equivalent  time  between  the  two  Doppler  spectra  for 
a  stationary  target  at  the  same  radar  range.  For  example,  if  an 
image  is  made  from  the  most  positive  Doppler  frequency 
band  corresponding  to  waves  just  entering  the  antenna  beam, 
and  another  image  is  made  of  the  waves  as  they  just  leave  the 
antenna  beam  corresponding  to  the  most  negative  Doppler 
frequency  band,  the  imaged  waves  will  appear  to  have  moved  a 
distance  equal  to  their  phase  velocity  multiplied  by  the  time  of 
illumination.  Note:  independent  system  verification  establishes 
no  range  walk  for  stationary  targets. 

4)  Azimuth  traveling  waves  are  defocused  an  amount  equal 
in  magnitude  to  that  produced  by  radar  reflectors  moving  at 
the  phase  velocity  of  the  wave.  Given  the  same  wave  velocity, 
and  image  resolution,  defocusing  is  more  pronounced  at/,  -band 
than  at  AT-band. 

How  the  model  is  able  to  satisfy  the  above  observations  will 
be  shown  below. 

A.  Range  History  fora  Fixed  SAR  Target 

Consider  the  geometry  of  the  SAR  platform  relative  to  the 
fixed-point  scatterer  shown  in  Fig.  12.  As  the  antenna  beam 
moves  across  the  reflecting  point,  the  radar  range  versus  time 
changes  as  shown  in  Fig.  13.  The  slope  of  the  curve  is  propor¬ 
tional  to  the  relative  velocity  of  the  reflecting  point  and  thus 
the  Doppler  frequency  shift  of  the  reflected  radar  signal.  The 
reflector  is  illuminated  over  the  time  interval  T  and  is  at  mini¬ 
mum  range  at  time  r0  when  the  reflector  is  directly  abeam. 

B.  Range  History  for  a  Target  Moving  Toward  the 
Flight  Line 

Suppose  the  point  scatterer  is  not  stationary  but  is  moving 
directly  toward  the  flight  line,  as  shown  in  Fig.  14.  The  radar 
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Fig.  1 2.  Ttadar  geometry  for  stationary  reflecting  point. 


Fig.  14.  Radar  geometry  for  moving  reflector. 
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Fig.  IS.  Range  history  for  moving  reflector. 

range  versus  time  for  this  moving  reflector  is  shown  in  Fig.  1 5 . 
Here,  the  minimum  range  no  longer  occurs  at  r0  where  the 
target  is  directly  abeam,  but  is  shifted  to  the  right.  The  average 
slope  of  the  curve  is  no  longer  zero,  as  in  Fig.  13,  but  is  equal 
to  the  instantaneous  slope  at  t0.  Note  that  the  slope  of  the 
curve  and  its  corresponding  Doppler  frequency  starts  at  a 
higher  value  and  exists  at  a  lower  value  than  that  for  the  fixed 
reflector.  Note  also,  that  the  range  to  the  target  changes  a 
distance  vT  between  target  intercept  and  dropout;  however, at 
equal  but  opposite  slopes  of  the  range  curve  (equal  positive 
and  negative  Doppler  frequencies)  the  range  to  the  target  is 
identical. 
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Fig.  16.  Radar  geometry  for  range  traveling  wave. 


Fig.  17.  Range  history  for  range  traveling  wave. 


C.  Theoretical  Application  to  Range  Traveling  Waves 

If  we  presume  that  a  scattering  point  on  the  surface  of  a 
range  traveling  wave  is  moving  at  the  phase  velocity  of  the 
wave,  we  should  observe  a  shift  in  the  average  Doppler  fre¬ 
quency  proportional  to  the  phase  velocity.  In  addition,  no 
shift  in  range  should  be  apparent  between  images  formed  from 
equally  displaced  positive  and  negative  Doppler  frequency 
bands.  However,  observations  1)  and  3)  listed  earlier,  show  no 
significant  Doppler  frequency  shift,  and  image  displacements 
are  observed  for  symmetrically  displaced  Doppler  bandpassed 
images  of  the  ocean  surface.  Clearly,  the  range  traveling  waves 
do  not  behave  like  simple  targets  moving  at  phase  velocity. 

D.  Range  History  of  Stationary  Reflecting  Surface 
Modulated  by  a  Range  Traveling  Wave 

We  will  now  consider  the  range  history  of  a  series  of  sta¬ 
tionary  reflecting  points  modulated  by  the  passage  of  a  range 
traveling  wave.  Fig.  16  shows  reflecting  points  “a-e"  at  fixed 
positions  on  the  ocean  surface.  As  the  traveling  wave  progresses 
toward  the  flight  line,  the  energy  reflected  from  points  “a-e" 
is  modulated  to  produce  a  composite  range  history,  as  shown 
in  Fig.  17.  This  history  has  an  overall  displacement  equal  to 
that  for  the  moving  reflector  shown  in  Fig.  15,  but  is  discon¬ 
tinuous  with  each  segment  having  the  range  versus  time  slope 
of  its  corresponding  stationary  reflecting  point.  The  Doppler 
spectrum  of  this  composite  will  not  be  shifted  with  respect  to 
a  stationary  reflecting  field,  and  is,  therefore,  consistent  with 
observation  1).  If  symmetric  Doppler  spectra  are  passed  to 
form  an  image,  such  as  those  corresponding  to  segments  “ b ” 
and  a  displacement  corresponding  to  the  wave  velocity 
“v"  times  the  difference  in  observation  times  would  be  observed. 
This  is  consistent  with  observation  3).  Then  the  stationary 
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Pig.  18.  Radar  geometry  for  reflector  with  azimuth  velocity. 


Fig.  19.  Range  history  for  reflector  moving  in  azimuth. 


surface  model  is  consistent  with  both  observations  1)  and  3). 
It  can  also  be  shown  that  observation  2)  cannot  be  explained 
on  a  basis  of  a  moving  reflector  if  the  processor  bandpass  is 
not  adjusted  to  pass  the  moving  target  spectrum.  This  was  not 
required  for  the  ERIM  data.  The  stationary  surface  model 
predicts  a  wave  displacement  over  the  stationary  target  spec¬ 
trum  that  could  be  removed  by  rotation  of  the  processor 
optics  without  adjustment  of  the  Doppler  bandpass.  It  remains 
to  be  shown  that  the  stationary  surface  model  predicts  the 
same  degree  of  azimuth  defocussing  as  a  reflector  model  that 
correctly  predicts  the  resulting  focus  shift. 


E.  Range  History  for  a  Reflector  Moving  Parallel  to 
the  Flight  Line 

If  the  reflecting  point  is  moving  parallel  to  the  flight  line 
with  the  velocity  v ,  as  shown  in  Fig.  18,  the  reflector’s  range 
history  will  have  the  same  variation  as  that  for  a  stationary 
point;  however,  the  time  the  reflector  is  in  the  antenna  beam 
will  be  altered.  If  the  reflector  is  moving  in  the  same  direction 
as  the  platform,  the  time  will  be  increased.  For  the  opposite 
direction,  the  time  will  decrease.  For  a  stationary  reflector,  the 
aperture  time 
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Fig.  21.  Range  history  for  azimuth  traveling  wave. 

at  the  phase  velocity  of  the  wave.  For  stationary  surface  model 
to  be  valid  it  must  predict  an  equal  degree  of  defocussing.  The 
discussion  below  demonstrates  that  this,  indeed,  is  the  case. 


B  antenna  beamwidth 
R  distance  from  reflector  to  flight  line,  and 
V  platform  velocity. 

For  a  reflector  with  velocity  v,  as  shown  in  Fig.  18,  the  aperture 
time 


Fig.  19  shows  the  range  histories  for  the  two  cases  discussed 
above.  Note  that  for  the  moving  reflector  point  case,  the  cur¬ 
vature  of  the  range  history  is  changed,  the  azimuth  Doppler 
FM  rate  is  raised,  and  the  recorded  azimuth  focal  length  is  re¬ 
duced.  This  focal  length  variation  will  defocus  the  image  of 
the  moving  reflector  in  the  optical  processor. 

F.  Defocussing  of  Azimuth  Traveling  Waves 

Observation  4)  has  shown  that  defocussing  of  azimuth 
traveling  waves  seems  to  be  equal  to  that  of  a  reflector  moving 


G.  Range  History  for  a  Stationary  Reflecting  Surface 
Modulated  by  an  Azimuth  Wave 

Suppose  we  have  a  sequence  of  reflecting  points  " a-e "  to 
be  modulated  by  an  azimuth  traveling  wave  with  velocity  v.  as 
shown  in  Fig.  20.  If  point  “a”  begins  reflecting  just  as  the 
antenna  beam  first  illuminates  it,  the  range  history  will  proceed 
as  shown  in  Fig.  2 1 .  Points  “ b,c,d ,  and  e”  will  reflect ,  in  turn , 
to  produce  the  segmented  range  history  shown.  Each  segment 
will  have  the  azimuth  Doppler  FM  rate  of  its  corresponding 
stationary  reflecting  point  and  will  produce  an  in-focus  image 
at  the  optical  processor  output.  However,  the  image  of  the 
traveling  wave  will  be  blurred  if  the  sequence  of  reflecting 
points  extends  over  a  substantial  part  of  the  ocean  wavelength. 
This  blurring  may  be  substantially  reduced  if  the  processor  is 
refocused  to  bring  each  segment  to  focus  at  a  common  point 
at  the  processor  output.  Then  each  segment  will  be  slightly 
defocussed,  but  the  moving  wave  will  have  the  maximum  con¬ 
trast.  The  optimum  focus  setting  of  the  processor  would  be 
that  which  accommodates  the  range  history  shown  in  Fig. 
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19  produced  by  the  moving  reflector.  The  range  history* 
is  the  same  as  that  for  the  moving  reflecting  point  showin  in 
Fig.  18,  except  for  some  small  perturbations.  Consequently, 
the  processor  setting  tht  properly  focusses  the  image  for  the 
moving  reflector  of  Fig.  18  also  produces  the  best  focus  of 
the  segmented  range  history  of  Fig.  21.  This  is  the  essential 
conclusion  of  observation  4).  The  stationary  surface  model  is 
thus  shown  to  be  consistent  with  all  of  the  cited  obsevations. 

vil.  SUMMARY 

The  reflectivity  of  large  areas  of  the  sea  surface  observed  by 
a  SAR  appear  to  have  a  o0  brightness  that  approaches  the 
Bragg-Rtce -Phillips  upper  bound,  suggesting  that  capillaries  on 
the  surface  of  the  oceanic  waves  are  the  primary  basis  for  the 
surface  return  observed  by  the  SAR.  However,  it  should  be 
noted  that  values  presented  here  represent  reflectivity  of  a 
large  area  of  sea  surface  observed  by  the  SAR,  averaged  to 
yield  a  very  low  resolution  highly  mixed  integrated  reflectivity 
esitmate.  However,  further  ER1M  measurements  indicate  that 
the  a0  ratio  of  wave  crest  to  wave  trough  is  a  function  of 
orientation  of  wavetrains  in  respect  to  the  radar-look  direction. 
This  observation  could  be  indicative  of  a  facet  model  depend¬ 
ency  for  individual  wavetrain  detectability  or  a  further  con¬ 
firmation  of  the  importance  of  wave  motion  in  the  SAR 
formation  process  as  reported  by  [19] . 

Future  studies  of  the  reflection  from  capillaries  as  observed 
from  a  SAR  should  include  consideration  of  1)  the  local  wave 
slope  effect  taking  into  account  windwave  directions  and  the 
surface  interactions  that  result,  and  2)  the  impact  of  small 
scattering  cell  size  to  converge  on  a  fine  resolution  theory  of 
reflectivity. 

Distributions  have  been  determined  for  moderate-sized 
samples  of  A"-band  ocean  data  measured  at  Marineland  for 
incidence  angles  of  20°,  30°,  40°,  and  50°  and  for  up-,  cross-, 
and  down-wave  conditions.  The  log-normal  distribution  appears 
to  fit  the  data  histograms  better  than  either  the  gamma  or  the 
normal  distributions.  Log-normal  descriptions  have  been 
reported  by  [  1 4]  for  real  aperture  radar  data  of  ocean  surfaces. 

The  A-band  data  distributions  do  not  provide  any  special 
features  that  can  be  associated  with  up-,  cross-,  down-wave 
conditions.  This  result  is  in  contrast  to  some  preliminary  L- 
band  findings  for  tundra,  ice,  and  mountains.  There  the  type 
of  distribution  appears  to  change  from  log-normal  for  tundra 
and  ice  to  gamma  for  mountains  for  depression  angles  of  30° 
[20] .  Of  course,  this  same  behavior  might  not  be  in  evidence 
at  Y-band,  so  perhaps  we  should  not  expect  any  special  distri¬ 
butional  behavior  for  the  up- ,  cross- ,  and  down-wave  data. 

The  jf-band  data  distributions  for  a  fixed-wave  condition 
do,  however,  change  their  mean  locations  and  their  shapes 
(standard  deviations)  with  change  of  incidence  angle.  The 
trend  of  the  means  with  incidence  angle  is  similar  to  the  trend 
of  the  Bragg-Rice-Phillips  theory. 

I  Shown  in  Fig.  21. 


An  examination  of  the  effect  of  salinity  and  sea  tempera¬ 
ture  at  small  and  medium  incidence  angles,  indicated  that  their 
effects  upon  sea-surface  reflection  coefficients  seem  to  be 
insignificant,  for  either  of  the  linear  polarizations.  At  large 
incidence  angles,  i.e.,  near  grazing,  there  is  a  more  pronounced 
change  in  the  behavior  of  the  vertical  polarization  reflection 
coefficient.  In  fact,  in  the  vicinity  of  80°  incidence,  the  ratio 
of  the  reflection  coefficient  for  high  temperature,  high  salinity 
to  the  reflection  coefficent  for  low  temperature,  low  salinity 
can  take  an  excursion  of  as  much  as  20  dB. 
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ABSTRACT 

This  paper  reviews  the  uses  of  synthetic  aperture  radar  (SAR) 
data  in  monitoring  oceanic  phenomena  and  coastal  region  re¬ 
sources.  SAR  data  collected  by  aircraft  and  satellite  have  been 
shown  to  be  useful  in  the  detection  of  ocean  waves,  surface  cur¬ 
rents  and  fronts,  surf  zone  conditions,  coastal  marshland  vegeta¬ 
tion  and  ice.  SARs  have  demonstrated  the  ability  to  monitor 
ocean  gravity  waves  under  a  variety  of  sea  states.  For  example, 
wave  refraction  was  documented  in  the  coastal  regions  near  Cape 
Hatteras,  North  Carolina  using  Seasat  SAR  data.  Various  param¬ 
eters  of  the  surf  zone  can  also  be  detected  by  a  SAR.  These 
parameters  include:  surf  zone  location,  measurement  of  long¬ 
shore  currents  and  detection  of  long-period  “surf  beats."  Long¬ 
shore  currents  have  been  measured  by  utilizing  Doppler  shifts  in 
the  SAR  signal  history.  In  addition,  SARs  have  recently  demon¬ 
strated  the  ability  to  detect  oceanic  fronts  and  freshwater  river 
discharges. 

Two  frequency  X-  and  L-band  SAR  aircraft  data  were  shown  to  be 
useful  in  discriminating  marshland  and  the  water/ land  boundary 
in  a  test  site  near  Marineland  Florida.  Distribution  and  type 
of  sea,  lake,  and  river  ice  is  also  mappable  using  both  aircraft 
and  satellite  SAR  data,  thus  making  SAR  a  useful  tool  for  recon¬ 
naissance  of  nearshore  environmental  parameters  regardless  of 
geographic  location,  season,  or  climate. 

Introduction 

Considerable  effort  has  been  expended  during  the  past  decade  ex¬ 
ploring  the  potential  of  using  an  imaging  synthetic  aperture 
radar  (SAR)  to  monitor  the  resources  and  physical  phenomena  of 
the  world's  oceans  and  coastal  regions.  This  interest  eventually 
resulted  in  the  launch  of  the  Seasat  satellite  which  contained  a 
SAR  as  one  of  its  five  instruments;  and  offered  the  oceanography 
community  a  vast  quantity  of  data  which,  two  years  after  its  col¬ 
lection,  is  still  being  studied  with  great  enthusiasm.  In  addi¬ 
tion,  numerous  coastal  remote  sensing  missions  have  been  flown 
by  aircraft  SARs. 

Synthetic  aperture  radar  is  an  active  imaging  device  that  senses 
the  environment  with  short  electromagnetic  waves.  As  active 
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sensors,  radars  provide  their  own  illumination  in  the  microwave 
region  of  the  electromagnetic  spectrum  and  thus  are  not  affected 
by  temporal  changes  in  emitted  or  reflected  radiation  from  the 
earth's  surface.  Additionally,  SARs  have  the  recognized  advan¬ 
tage  of  being  able  to  image  the  earth's  surface  independent  of 
weather  conditions  and  to  provide  synoptic  views  of  the  ocean  at 
high  resolution.  The  resolution  of  aircraft  SARs  are  typically 
on  the  order  of  a  few  meters  while  the  Seasat  satellite  SAR  had 
a  resolution  of  approximately  25  meters.  Most  radars  operate  in 
the  frequency  region  of  300  MHz  (1  m)  to  30  GHz  (1  cm),  and  band- 
widths  within  this  region  are  commonly  designated  by  letters. 

SARs  discussed  in  this  paper  are  designated  as  L-band  (23.5  cm) 
or  X-band  (3.2  cm) . 

Synthetic  aperture  radar  is  a  coherent  airborne  or  spaceborne 
radar  that  uses  the  motion  of  a  moderately  broad  physical  antenna 
beam  to  synthesize  a  very  narrow  beam  thus  providing  fine  azi¬ 
muthal  (along-track)  resolution  (Brown  and  Porcello,  1969; 

Harger,  1970).  Fine  range  (cross-track)  resolution  is  achieved 
by  transmitting  either  very  short  pulses  or  longer  coded  pulses 
which  are  compressed  by  matched-filtering  techniques  into  equiva¬ 
lent  short  pulses.  Usually,  the  coded  pulse  is  a  waveform  lin¬ 
early  modulated  in  frequency.  The  processing  of  SAR  imaged  sig¬ 
nal  histories  into  an  image  is  described  by  Kozma,  et  al.  (1972). 

Two  SAR  systems  will  be  discussed  in  this  paper.  The  first  sys¬ 
tem  is  an  aircraft-borne  X-  and  L-band,  dual -polarized  imaging 
radar  operated  by  the  Environmental  Research  Institute  of 
Michigan  (ERIM)  and  is  described  by  Rawson,  et  al.  (1975).  The 
second  system  was  the  Seasat  L-band  imaging  radar  described  by 
Jordon  (1980). 

This  paper  will  review  a  variety  of  uses  of  synthetic  aperture 
radar  data  for  detecting  coastal  zone  environment  conditions. 
These  include  SAR  detection  of  gravity  waves,  surface  currents 
and  fronts,  surf  zone  conditions  and  coastal  vegetation.  Another 
paper  in  these  proceedings  (see  Lyzenga,  1981)  describes  the  po¬ 
tential  of  using  a  SAR  to  provide  nearshore  bathymetry 
information . 

Detection  of  Ocean  Waves 

The  main  purpose  of  including  a  SAR  in  the  Seasat  instrument 
package  was  to  image  ocean  gravity  waves  on  a  fine  resolution 
ocean  grid.  Figure  1  includes  a  Seasat  image  of  coastal  gravity 
waves.  Estimates  of  wave  period  and  direction  of  the  dominant 
gravity  wave  can  be  extracted  from  this  SAR  data.  Techniques  to 
do  this  include  two-dimensional  Fourier  transforms  (both  optical 
and  digital),  a  semi-causal  technique,  and  a  new  one-step  spec¬ 
tral  estimation  routine  which  extracts  the  wave  period  directly 
from  the  SAR  signal  histories. 

By  passing  a  monochromatic,  collimated  beam  of  light  through  the 
film  image  of  the  gravity  waves  imaged  by  the  SAR,  a  two- 
dimensional  optical  Fourier  transform  (OFT)  of  the  image  is 
created  (Shuchman,  et  al.,  1977).  If  a  digital  image  is  made, 
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then  the  same  process  can  be  done  on  a  computer  by  taking  a  fast 
Fourier  transform  (FFT)  of  data  (Shuchman,  et  al.,  1979).  Pro¬ 
ducing  a  FFT  has  an  advantage  over  an  OFT  in  that  distributional 
wave  spectra,  as  a  function  of  wave  frequency  or  direction,  can 
also  be  generated,  not  just  dominant  wavelength  and  direction  as 
obtainable  from  an  OFT.  Figure  1  also  presents  an  example  of  an 
OFT  and  FFT  generated  from  the  Seasat  data. 

Advanced  data  processing  techniques  for  extracting  gravity  wave 
information  from  SAR  data  also  include  the  use  of  a  semi-causal 
model  and  a  one-step  spectral  estimation  routine.  The  semi- 
causal  model  is  based  on  maximum  entropy  techniques  and  has  re¬ 
cently  been  investigated  for  the  extraction  of  gravity  wavelength 
and  directional  data  from  SAR  data  (Jackson  and  Shuchman,  1981). 
The  advantage  of  the  semi-causal  model  is  that  it  can  produce 
essentially  the  same  estimates  as  FFTs  and  OFTs  using  less  SAR 
data  (i.e.,  a  smaller  aperture).  One-step  spectral  estimation 
is  another  advanced  technique  which  may  provide  estimates  of 
wavelength  and  direction  through  direct  processing  of  raw  SAR 
signal  data  without  first  forming  an  image  of  the  waves 
(Hasselmann,  1980). 

A  comparison  of  estimates  of  gravity  wavelength  and  direction 
generated  from  SAR  data  collected  during  the  GQASEX  (Gulf  of 
Alaska  Seasat  Experiment)  and  JASIN  (Joint  Air-Sea  Interaction) 
experiments  were  compared  to  conventional  sea  truth  (i.e.,  pitch 
and  roll  buoy  data).  From  these  two  experiments,  it  was  verified 
that  accurate  wavelength  and  directional  information  of  gravity 
wave  fields  can  be  obtained  from  the  SAR  (Gonzalez,  et  al.,  1979; 
Kasischke,  1980;  and  Vesecky,  et  al.,  1981).  Linear  correlations 
(a  =  0.01)  between  these  SAR-derived  and  sea  truth  wave  spectra 
estimates  were  0.90  to  0.95  for  wavelength  and  0.90  for  wave 
direction. 

A  study  by  Shuchman  and  Kasischke  (1981)  revealed  that  SAR  image¬ 
ry  can  be  used  to  document  refraction  of  gravity  waves  as  they 
enter  shallow  coastal  waters.  Wave  direction  and  length  from 
the  SAR  compared  favorably  to  wave  direction  and  length  computed 
from  classical  wave  refraction  techniques.  Linear  correlations 
(a  a  0.01)  between  SAR-derived  and  model-derived  parameters  were 
0.76  for  wavelength  and  0.55  for  wave  direction.  Recent  investi¬ 
gations  (Meadows,  et  al . ,  1981)  indicate  that  the  correlations 
can  be  improved  significantly  if  the  effect  of  the  Gulf  Stream 
in  modifying  the  characteristics  of  gravity  waves  traversing  this 
current  are  taken  into  account. 

There  are  limitations  in  using  a  SAR  to  image  gravity  waves,  but 
these  limits  have  yet  to  be  fully  defined.  An  example  is  the 
recent  JASIN  experiment  where  the  Seasat  SAR  successfully  imaged 
gravity  waves  on  thirteen  out  of  a  possible  eighteen  opportuni¬ 
ties  (Vesecky,  et  al.,  1981).  A  study  of  the  associated  sea 
truth  data  on  those  occasions  when  the  Seasat  failed  to  image 
gravity  waves  revealed  that  one  of  two  conditions  were  present: 
(1)  the  waves  had  a  very  low  significant  wave  height  (H1/3  < 

1.3  m);  or  (2)  the  waves  were  traveling  in  nearly  an  azimuth 
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direction  with  respect  to  the  radar  line  of  sight.  Kasischke 
and  Shuchman  (1981)  found  a  significant  linear  correlation  be¬ 
tween  wave  contrast  (or  wave  detectability)  on  the  SAR  data  and 
wave  height.  Earlier  studies  by  Teleki,  et  al.  (1978)  revealed 
that  on  X-band  SAR  data  (collected  by  an  aircraft  mounted  SAR) 
gravity  waves  were  clearly  more  visible  when  the  waves  were 
traveling  in  a  range  direction  with  respect  to  the  radar  line  of 
sight. 


Surface  Currents  and  Frontal  Boundary  Detection 

SARs  have  recently  been  demonstrated  to  have  the  capability  to 
detect  surface  currents  and  ocean  frontal  boundaries.  The  sens¬ 
ing  of  surface  currents  with  SAR  has  been  through  one  of  three 
techniques.  The  first  technique  reported  by  Shuchman  et  al. 
(1979a)  and  Gonzalez,  et  al.  (1981)  utilizes  a  measurement  of 
motion-induced  Doppler  perturbation  in  the  SAR  signal  history. 

The  technique  has  been  successfully  tested  on  aircraft  SAR  data 
collected  near  Vancouver  Island  as  well  as  along  the  Lake 
Michigan  shoreline.  This  technique  takes  advantage  of  the  fact 
that  the  SAR  instrument  responds  primarily  to  backscatter  from 
capillary  waves  which,  in  conventional  SAR  processing,  are 
assumed  stationary  with  respect  to  other  time  scales  of  the  radar 
system.  However,  these  scatterers  are  not  stationary;  they  move 
with  a  characteristic  phase  velocity  as  well  as  with  with  veloci¬ 
ties  due  to  the  presence  of  currents  and  longer  gravity  waves. 

The  radial  (line  of  sight)  component  of  this  resultant  velocity 
produces  a  Doppler  shift  in  the  temporal  frequency  of  the  return 
signal,  which  translates  to  a  spatial  frequency  shift  recorded 
on  SAR  signal  film. 


Shuchman,  et  al .  (1979)  showed  that  the  radial  component  of  a 
target  velocity  (Vr)  could  be  calculated  as: 
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where  af'  is  the  azimuth  spatial  frequency  shift,  x  is  the  trans¬ 
mitted  radar  wavelength,  is  the  platform  velocity  and  P  is 
the  azimuth  packing  factor. 

This  relationship  can  be  used  to  measure  the  average  radial 
velocity  component  of  an  ocean-wave  scattering  field  relative  to 
a  fixed-land  scattering  field.  A  shift  in  the  azimuth  spatial 
frequency  spectrum  between  fixed-land  and  moving-ocean  surfaces 
yields  an  estimate  for  af'.  Variations  in  spectrum  location  due 
to  antenna  pointing  may  be  eliminated  by  choosing  imagery  having 
land  and  ocean  imaged  simultaneously. 

A  second  technique  to  measure  currents  via  SAR  data  is  re¬ 
ported  by  Shemdin  et  al .  (1980).  This  technique  applied  to 
Seasat  data  collected  over  the  mouth  of  the  Columbia  River 
(Oregon)  measured  the  azimuthal  shift  in  the  boundary  of  the  cur¬ 
rent  as  it  flowed  past  the  jetties.  Using  the  relationship: 
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where  aX  is  the  azimuthal  displacement,  R  the  range  to  the  target 
and  V^c  platform  velocity,  the  radial  line  of  sight  velocity 
(Vr)  of  the  Columbia  River  was  successfully  estimated. 

A  third  technique  to  measure  currents  from  SAR  data  is  summarized 
by  Hayes  and  Shuchman  (1981),  who  showed  it  was  possible  to  cal¬ 
culate  the  magnitude  and  direction  of  the  Gulf  Stream  by  observ¬ 
ing  gravity  wave  refraction  across  the  stream. 

Recently  SARs  have  shown  the  ability  to  detect  oceanic  fronts 
and  freshwater  discharge.  An  experiment  to  study  SAR's  ability 
to  monitor  ocean  fronts  was  conducted  in  October  of  1980.  The 
frontal  boundary  of  the  two  water  masses  at  the  mouth  of  Chesa¬ 
peake  Bay  are  clearly  discernible  on  Figure  2.  This  SAR  data 
was  collected  by  the  UPD-4  X-band  SAR  operated  by  the  U.S. 
Marines.  The  proposed  mechanism  for  imaging  the  frontal  features 
is  due  to  a  strong  current  shear  modulating  the  ocean  Bragg  waves 
(Wright,  1966)  that  the  radar  observes. 

Seasat  imagery  has  been  used  to  locate  major  ocean  current  bound¬ 
aries.  Hayes  (1981)  used  Seasat  imagery  to  map  the  northern  edge 
of  the  Gulf  Stream  off  the  eastern  U.S.  coast.  Cheney  (1981) 
tentatively  identified  the  boundary  of  a  cold  water  ring  in  the 
Sargasso  Sea  using  Seasat  imagery.  Additionally,  Lichy,  et  al . 
(1981)  used  Seasat  imagery  to  map  warm  water  rings  associated 
with  the  Gulf  Stream. 

Observation  of  Surf  Zone  Conditions 

Both  aircraft  and  satellite  SAR  systems  have  demonstrated  an 
ability  to  detect  various  environmental  parameters  pertaining  to 
the  surf  zone.  These  parameters  include:  (1)  location  of  the 
breaking  waves,  (2)  location  of  the  land/water  boundary,  (3)  mea¬ 
surement  of  the  dominant  gravity  wave,  (4)  measurement  of  long¬ 
shore  currents,  and  (5)  detection  of  long-period  surf  beats. 

A  SAR-sea  truth  comparison  reported  by  Shuchman  and  Meadows 
(1980)  and  Meadows,  et  al.  (1981)  indicated: 

1.  SAR-derived  wavelengths  and  directions  are  in  good  agree¬ 
ment  with  sea  truth, 

2.  SAR  directional  spectra  taken  in  various  water  depths  do 
correlate  with  predicted  wave  refraction, 

3.  The  breaker  zone  as  defined  by  shore  observers  corre¬ 
sponds  to  the  bright  lines  found  on  the  SAR  imagery, 

4.  Longshore  current  direction  and  relative  magnitude  as 
obtainable  from  the  SAR  Doppler  history  are  in  reasonable 
agreement  with  sea  truth,  and 

5.  Low-frequency  components  observed  on  SAR  spectra  seem  to 
correlate  with  low  frequency  "surf  beat"  found  in  sea 
truth  spectral  estimates. 
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Marshland  Detection 

Figure  3  shows  four-channel  ERIM  SAR  imagery  of  the  Marine- 
land  test  site.  The  test  site  was  subjected  to  tidal  inundation 
and  therefore  primarily  composed  of  tidal  marshland.  The  letter 
A  on  Figure  3  indicates  the  high  water  mark  as  well  as  a  relic 
coastline.  Area  B  represents  forest  land  located  on  high  ground 
(i.e.,  not  subject  to  inundation),  while  region  C  is  an  inundated 
area  that  is  composed  of  marsh  vegetation.  Note  the  differential 
return  between  the  marsh  area  (C)  on  the  Xand  L-band  data.  The 
marshland  surrounding  the  river  (0)  is  also  clearly  discernible 
using  the  X-  and  L-band  data. 

The  explanation  for  this  differential  return  is  that  the  X-band 
radar  energy  reflects  off  the  tops  of  the  marsh  grass,  while  the 
longer  L-band  incident  energy  penetrates  through  the  vegetation 
and  the  L-band  return  is  primarily  a  specular  return  from  the 
water.  Shuchman  and  Lowry  (1977)  used  this  data  set  to  perform 
a  digital  vegetation  classification  using  the  four-channel  SAR 
data.  The  result  of  that  analysis  indicated  the  simple  parallel¬ 
epiped  classification  (operator  interactive)  corresponded  well 
to  the  ground  truth  available.  The  study  further  demonstrated 
the  need  to  develop  more  sophisticated  digital  classification 
procedures  which  utilize  not  only  tonal  information  from  the 
raaar,  but  also  texture  information. 


Summary 

This  paper  has  reviewed  the  potential  uses  of  synthetic  aperture 
radar  (SAR)  data  to  monitor  ocean  phenomena  and  coastal  region 
resources.  SAR  data  collected  by  aircraft  and  satellites  have 
been  shown  to  be  useful  in  the  detection  of  ocean  waves,  surface 
currents  and  fronts,  surf  zone  conditions,  coastal  marshland  veg¬ 
etation  and  ice. 

This  paper  has  not  specifically  addressed  the  question  of  detec¬ 
tion  of  sea,  lake,  and  river  ice  with  SAR;  however,  much  research 
has  been  done  in  this  area  (Ketchum  and  Tooma,  1973;  Larson,  et 
al.,  1978,  1981)  and  there  is  general  agreement  in  the  community 
that  high  resolution  aircraft  or  satellite  SAR  operating  at  an 
X-band  frequency  can  detect  first  year,  multi-year,  and  open 
water  areas. 

It  should  be  mentioned  when  utilizing  SAR  data  such  as  presented 
in  this  paper,  the  SAR  spectral  estimates  discussed  are  wave 
number-directional  spectra  of  the  radar  return  intensity.  The 
data  does  not  represent  wave  height  information,  at  least  not  in 
a  recognizable  form.  The  modulation  transfer  function  (i*e., 
the  SAR  gravity  wave  imaging  mechanism)  is  not  totally  understood 
at  the  present  time.  The  determination  of  the  transfer  function 
as  well  as  determination  of  wave  height  using  SAR  data  will  be  a 
major  scientific  advance.  At  that  time,  it  will  then  be  possible 
to  use  SAR  gravity  wave  data  to  obtain  power  density  estimates 
of  the  sea  surface. 
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The  Doppler  current  measurements  discussed  are  still  experimental 
and  the  reader  is  warned  that  this  technique  to  measure  current 
is  far  from  operational  and  perhaps  a  new  SAR  system  will  have 
to  be  designed  to  realize  this  type  of  measurement.  Recall  that 
the  Doppler  method  works  only  in  the  radial  (line  of  sight) 
direction. 

The  marshland  discussions  demonstrate  the  need  for  development 
of  machine  aided  analysis  technique'  and  indicate  the  advantage 
of  a  multi-frequency  SAR  approach. 
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Abstract 

This  paper  reviews  the  use  of  synthetic  aperture  radar  (SAR)  to 
detect  water  gravity  waves.  SAR  data  collected  by  aircraft  and  sat¬ 
ellite  have  been  shown  to  be  capable  of  measuring  gravity  water  waves 
under  a  variety  of  sea  states.  For  example,  wave  refraction  was  suc¬ 
cessfully  documented  in  the  coastal  regions  near  Cape  Hatteras,  North 
Carolina  using  SEASAT  SAR  satellite  data.  SAR  has  also  been  shown 
to  be  capable  of  detecting  internal  gravity  waves  and  long  period 
“surf  beats."  Several  parameters  determine  the  visibility  of  gravity 
waves  on  SAR  images,  including  the  radar  wavelength  and  polarization, 
radar  incident  angle,  and  radar  look  direction  (relative  to  the  wave 
propagation  direction),  as  well  as  the  ocean  wavelength,  wave  height, 
wind  speed  and  direction.  In  general,  waves  traveling  towards  or 
away  from  the  SAR  line  of  sight  are  better  imaged  than  waves  travel¬ 
ing  in  a  direction  perpendicular  to  the  SAR  line  of  sight. 

1 .  INTRODUCTION 

Considerable  research  has  been  performed  during  the  past  decade 
exploring  the  utility  of  synthetic  aperture  radar  (SAR)  to  detect 
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gravity  waves  on  the  oceans  and  Great  Lakes.  The  purpose  of  this 
paper  is  to  review  this  research  and  identify  areas  where  additional- 
study  efforts  are  needed. 

Synthetic  aperture  radar  (SAR)  is  a  coherent  airborne  (or  space- 
borne)  radar  that  uses  the  motion  of  a  moderately  broad  physical  an¬ 
tenna  beam  to  synthesize  a  very  narrow  beam,  thus  providing  fine 
azimuthal  (along-track)  resolution  (Brown  and  Porcello,  1969;  Harger, 
1970).  Fine  range  (cross-track)  resolution  is  achieved  by  transmit¬ 
ting  either  very  short  pulses  or  longer  coded  pulses  which  are  com¬ 
pressed  by  matched-filtering  techniques  into  equivalent  short  pulses. 
Usually,  the  coded  pulse  is  a  waveform  linearly  modulated  in 
frequency. 

The  phase  history  of  a  scattering  point  in  the  scene  is  either 
recorded  on  photographic  film  as  an  anamorphic  (astigmatic)  Fresnel 
zone  plate  or  on  digital  tapes.  The  parameters  of  the  phase  histo¬ 
ries  are  set  in  the  azimuth  direction  by  the  Doppler  frequencies  pro¬ 
duced  by  the  relative  motion  between  the  sensor  and  the  point  scat- 
terer,  and  in  the  range  direction  by  the  structure  of  the  transmitted 
pulses.  The  optical  SAR  phase  history  is  a  collection  of  superim¬ 
posed  zone  plates  representing  the  collection  of  point  scatterers  in 
the  scene.  SAR  optical  processing  is  described  by  Kozma,  et  al . 
(1972)  while  digital  processing  techniques  are  reviewed  by  Ausherman 
(1980). 

The  principle  in  imaging  any  surface  with  a  radar  is  that  the 
backscatter  of  microwave  energy  (echo)  received  by  the  radar  receiver 
contains  mainly  information  on  the  roughness  characteristics  (shapes, 
dimensions,  and  orientations)  of  the  reflecting  area.  The  parameters 
that  influence  the  echo  received  from  ocean  waves  include  the  motion 
of  the  scattering  surfaces,  the  so-called  speckle  effect,  system 
resolution  and  non-coherent  integration  as  well  as  contributions 
attributable  to  wind,  waves,  surface  currents  and  surface  tension. 
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Also,  the  orientation  of  ocean  waves  to  the  radar  look  direction  must 
be  considered.  When  attempting  to  understand  the  SAR  ocean-wave 
imaging  mechanism,  one  must  also  consider  factors  pertaining  to  wave 
orbital  velocity,  Bragg-scatterer  velocity,  and  long  (or  resolvable) 
wave  phase  velocity  (Teleki,  et  a!.,  1978). 

This  review  paper  discusses  the  use  of  both  aircraft  and  space- 
borne  synthetic  aperture  radar.  The  aircraft  data  to  be  presented 
were  collected  by  the  ERIM  X-L  SAR  flown  in  an  ERIM  owned  C-46  and 
presently  installed  in  the  Canada  Centre  for  Remote  Sensing  (CCRS) 
CV-580  aircraft.  This  X-L  system,  described  by  Rawson,  et  al. 

(1975),  consists  of  a  dual -wave length  and  dual-polarization  synthetic 
aperture  radar  that  simultaneously  images  at  X-band  (3.2  cm)  and 
L-band  (23.5  cm).  Alternate  X-  and  L-band  pulses  (chosen  to  be 
either  horizontally  or  vertically  polarized)  are  transmitted,  and 
reflections  of  both  polarizations  received;  thus,  four  channels  of 
radar  imagery  are  simultaneouly  obtained.  Both  polarizations  of 
X-band  are  recorded  on  one  film,  while  both  polarizations  of  L-band 
on  another. 

The  data  presented  in  this  paper  were  obtained  from  the 
horizontal-transmit,  horizontal-receive  channel  (HH)  of  both  the  X- 
and  L-band  receivers.  Polarization  effects  have  not  been  analyzed. 
The  polarization  of  the  electromagnetic  radiation  is  defined  by  the 
direction  of  the  electric  field  intensity,  E,  vector.  For  example, 
a  horizontally  polarized  wave  will  have  its  E  vector  parallel  to  the 
local  horizon.  The  resolution  of  the  ERIM  aircraft  SAR  system  is 
approximately  3  m  in  range  and  azimuth.  The  swath  width  of  the  X-L 
system  is  approximately  6  km. 

Two  other  aircraft  SAR  systems  routinely  collect  ocean  gravity 
wave  information.  The  first  is  an  X-band  military  system  (UPD-4) 
flown  in  an  F4.  This  Goodyear  built  system  has  similar  characteris¬ 
tics  to  the  X-band  part  of  the  ERIM  SAR  system,  except  the  swath 
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width  is  16  km.  The  Jet  Propulsion  Laboratory  (JPL)  also  operates 
an  L-band  SAR  for  gravity  wave  detection  (Shemdin,  1980  and  1980a). 
This  system  has  a  resolution  of  approximately  15  m  and  has  10  km 
swath  capability. 

A  spaceborne  SAR  system  specifically  designed  to  image  water 
gravity  waves  was  launched  in  June  of  1978  as  part  of  the  NASA 
SEASAT  satellite  (Jordan,  1980).  This  SAR  operated  at  L-band  with 
a  ground  resolution  of  25  x  25  m.  The  SEASAT  SAR  imagery  had  a  swath 
width  of  100  km  and  data  lengths  up  to  a  few  thousand  kilometers 
long. 

2.  THEORY 

Although  the  SAR  wave  imaging  mechanism  is  not  completely  under¬ 
stood,  several  theories  have  been  proposed  that  appear  to  adequately 
explain  the  modulation  of  the  radar  backscatter,  which  leads  to  the 
wave-like  patterns  we  observe  on  SAR  images. 

The  first  and  most  widely  accepted  theory  was  proposed  by  Wright 
(1966)  and  is  founded  on  Bragg  scattering.  Bragg  scattering  is 
basically  a  resonant  reflection  from  surface  ocean  waves  of  wave 
number: 

Kw  =  2Kr  sin  o,  (1) 

where  Kw  »  2w/L  and  KR  «  2*/x  are  the  wave  numbers;  L  and  x  the 
wavelengths,  respectively  of  the  ocean  wave  and  the  radar;  and  e  is 
the  incident  angle.  For  the  X-  (3.2  cm)  and  L-band  (23.5  cm)  SAR 
considered  in  this  study,  with  a  nominal  incidence  angle  of  45°. 

Eq.  (1)  leads  to  Bragg  water  waves  of  2  and  17  cm  (for  the  X-  and 
L-bands  respectively).  These  correspond  to  the  capillary  and 


*The  entire  SEASAT  satellite  system  unfortunately  suffered  a 
catastrophic  power  loss  approximately  100  days  after  launch. 
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ultra-gravity  wavelength  regions  which  are  typically  abundant  in  the 
presence  of  low  to  moderate  strength  wind  fields. 

It  has  been  suggested  by  Phillips  (1981)  and  several  others  that 
the  short  capillary  and  ultra-gravity  waves  are  modulated  by  the 
longer  gravity  waves.  Phillips  suggests  that  the  gravity  waves  cause 
a  compression  of  the  small  waves  and  an  increase  in  their  height  in 
the  crest  region  of  the  gravity  wave  and  a  height  decrease  and  elon¬ 
gation  of  the  shorter  waves  in  the  trough  region.  This  compression 
and  expansion  is  thought  to  result  from  the  straining  of  the  shorter 
waves  by  the  orbital  velocity  of  the  gravity  wave  (Wright,  et  al., 
1980;  Alpers  and  Rufenach,  1979). 

From  a  SAR  standpoint,  the  greater  the  compression/expansion  of 
these  small  wave  structures,  the  higher  the  contrast  on  the  SAR 
imagery.  This  results  from  the  fact  that  this  compression/expansion 
would  cause  certain  portions  of  the  long  wave  to  contain  a  higher 
amplitude  of  Bragg  (resonant)  scatterers  than  at  other  parts  of  the 
wave.  This  would  lead  to  an  image  modulation  that  should  closely 
correspond  to  the  prevalent  gravity  wave  field. 

Other  theories  that  attempt  to  describe  the  SAR  imaging  mechanism 
of  waves  include:  accounting  for  the  change  of  the  local  tilt  angle 
due  to  the  waves,  a  composite  theory  which  accounts  for  both  the 
local  tilt  of  the  surface  as  well  as  for  Bragg  scattering,  and  a 
theory  which  is  dependent  upon  the  orbital  velocity  of  the  ocean 
waves  (Elachi  and  Brown,  1977).  This  last  theory,  which  indicates 
the  radial  velocity  produced  by  the  orbital  component  of  the  gravity 
wave  produces  a  periodic  azimuthal  target  displacement,  has  caused 
much  controversy. 

As  a  result  of  this  controversy,  various  new  theories  have  been 
formulated  that  discuss  the  dependence  of  the  SAR  image  on  water  wave 
velocity  and  theoretically  describe  the  SAR  ocean  image  formation 
process  (Raney  and  Shuchman,  1978;  Alpers  and  Rufenach,  1979;  Harger, 


1981;  Valenzuela,  1980;  Jain,  1978;- and  Shuchman,  1981).  The  follow¬ 
ing  paragraphs,  as  reported  by  Shuchman  (1981),  summarize  the  effect 
of  wave  motion  on  SAR  images. 

When  using  a  SAR  system  to  image  moving  targets  such  as  ocean 
waves,  unique  problems  occur  when  correlating  the  signal  data.  Be¬ 
cause  moving  targets  perturb  the  Doppler  frequencies,  and  hence  the 
phase  histories  recorded  by  the  signal  receiver,  conventional  proc¬ 
essing  of  these  signal  histories  produces  images  of  the  waves  that 
are  defocused  relative  to  a  stationary  target.  Defocus ing  by  the 
along-track  (azimuth)  velocity  of  the  moving  ocean  waves  can  be  re¬ 
focused  by  readjusting  the  azimuth  focus  (cylindrical  focus)  an 
amount  proportional  to  the  relative  velocity  of  the  wave  train  with 
respect  to  the  SAR  platform  velocity. 

Similarly,  the  radial  motion  of  a  moving  ocean  wave  imaged  by  a 
SAR  will  also  perturb  the  signal  history  of  a  scatterer.  Radial  wave 
velocity  (motion  towards  or  away  from  the  radar  look  direction)  pro¬ 
duces  an  apparent  tilt  to  the  phase  history  as  well  as  azimuthal 
shift  in  the  image.  Essentially,  the  scatterer  history  shifts  across 
the  signal  record.  This  is  referred  to  as  "range  walk"  and  can  be 
compensated  for  by  a  rotation  of  the  cylindrical  optics  in  the  proc¬ 
essing  of  the  signal  histories.  The  azimuthal  image  shift  is  not 
correctable . 

A  number  of  investigators  (Shuchman,  1981;  Shuchman  et  al.,  1979; 
Jain,  1978;  and  Shuchman  and  Zelenka,  1978)  designed  and  evaluated 
algorithms  to  enhance  through  focusing,  (i.e.,  accounting  for  water 
wave  motion)  SAR  imaged  gravity  waves.  The  above  mentioned  investi¬ 
gations  generally  agree  that  detectability  of  azimuth  and  range 
traveling  waves  can  be  improved  by  respective  adjustment  of  focal 
distance  and  rotation  of  the  cylindrical  telescope  in  the  SAR  proc¬ 
essor.  Enhancement  of  ocean  waves  as  described  above  has  been  suc¬ 
cessfully  employed  on  both  Jet  Propulsion  Laboratory  (JPL)  L-band 
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and  ERIM  X-  and  L-band  data  (Jain,  1978;  Kasischke,  et  al.,  1979). 

The  importance  of  this  defocusing  effect,  due  to  azimuth  and  range 
wave  motion,  is  twofold.  First  this  effect  can  be  used  to  determine 
the  direction  of  ocean  wave  propagation.  Second,  it  can  be  used  as 
a  rough  estimator  of  the  phase  velocity  associated  with  these  waves. 
The  focusing  effects  described  above  are  more  discernible  using 
L-band  data  rather  than  X-band.  Consequently,  the  X-band  is  less 
useful  in  providing  information  on  wave  direction  and  phase  velocity. 

3.  ANALYSIS  TECHNIQUES  TO  EXTRACT  GRAVITY  WAVE  INFORMATION  FROM  SAR 

DATA 

It  should  be  noted  that  SAR  spectral  estimates  of  water  gravity 
waves  are  wave  number-directional  spectra  of  the  radar  return  inten¬ 
sity.  The  data  does  not  represent  wave  height  information,  at  least 
not  in  a  recognizable  form.  The  modulation  transfer  function  (i.e., 
SAR  gravity  wave  imaging  mechanism)  is  not  totally  understood  at  the 
present  time.  The  determination  of  this  transfer  function,  as  well 
as  determination  of  wave  height  using  SAR  data,  will  be  a  major  sci¬ 
entific  advancement.  At  that  time,  it  would  be  possible  to  use  SAR 
gravity  wave  data  to  obtain  power  density  estimates  of  the  sea 
surface. 

There  are  four  recognized  techniques  to  extract  from  SAR  data 
estimates  of  wave  period  and  direction  of  the  dominant  gravity  wave. 
These  include  two-dimensional  Fourier  transforms  (both  optical  and 
digital),  a  semi-causal  technique,  and  a  new  one-step  spectral  esti¬ 
mation  routine  which  extracts  the  wave  period  directly  from  the  SAR 
signal  histories. 

By  passing  a  monochromatic,  collimated  beam  of  light  through  the 
film  image  of  the  gravity  waves  imaged  by  the  SAR,  a  two-dimensional 
optical  Fourier  transform  (OFT)  of  the  image  is  created  (Barber, 

1949;  Shuchman,  et  al.,  1977).  If  a  digital  image  is  made,  the  same 
process  can  be  accomplished  on  a  computer  by  taking  a  fast  Fourier 
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transform  (FFT)  of  the  data  (Shuchman,  et  al.,  1979).  Producing  a 
FFT  has  an  advantage  over  an  OFT  in  that  distributional  wave  spectra, 
as  a  function  of  wave  frequency  or  direction,  can  also  be  generated, 
not  just  dominant  wavelength  and  direction  as  obtained  from  an  OFT. 
Figure  1  presents  an  example  of  actual  SEASAT  SAR  wave  images  and 
the  resulting  OFT  and  FFT  generated  from  this  data. 

A  new  two-dimensional  spectral  estimation  algorithm  related  to 
maximum  entropy,  called  the  semicausal  model  (Jain  and  Ranganath, 
1978)  has  been  applied  to  synthetic  aperture  radar  (SAR)  imagery  of 
ocean  waves  (Jackson  and  Shuchman,  1981).  These  semicausal  spectral 
estimations  were  compared  to  FFT  estimates  of  identical  data  sets 
and  reference  functions.  Results  indicate  the  semicausal  model  can 
successfully  produce  spectral  estimates  of  truncated  data  sets  (i.e., 
1-2  wave  cycles).  However,  similar  to  the  one  dimensional  maximum 
entropy,  the  two-dimensional  semicausal  model  is  sensitive  to  the 
autoregressive  order,  to  noise,  and  exhibits  spectral  splitting  in 
some  cases. 

A  new  technique  has  been  proposed  by  Hasselmann  (1980)  to  extract 
spectral  wave  information  from  SAR.  Hasselmann  has  derived  a  simple 
method  for  the  determination  of  the  two-dimensional  surface  image 
spectrum  from  the  return  signal  of  a  SAR  without  explicitly  forming 
an  image.  This  algorithm  called  a  signal-image-Fourier  transform 
(SIFT)  has  recently  been  programmed  on  ERIM  computers  and  is  under¬ 
going  testing  and  evaluation  using  SEASAT  SAR  data. 

4.  SAR  VERSUS  SEA  TRUTH  SPECTRAL  COMPARISONS 

During  the  past  seven  years  a  series  of  experiments  whose  purpose 
was  to  demonstrate  that  SAR  data  can  be  used  to  determine  gravity 
wavelength  and  direction  has  been  conducted.  The  experiments  in¬ 
clude:  Marineland,  West  Coast;  DUCKEX;  GOASEX;  JAS IN;  MARSEN;  and 
ARSLOE.  (These  experiments  are  described  in  detail  by  Shemdin,  1980; 
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Shemdin  1980a;  Mattie,  et  al.,  1980;  Gonzalez,  et  al.,  1981;  Allan 
and  Guymer,  1980;  Anonymous,  1980;  and  Baer,  1980,  respectively.) 
Figure  2  (after  Vesecky  and  Stewart,  1981)  is  a  scatterplot  of  ocean 
wavelength  information  obtained  from  the  SEASAT  SAR  compared  to  jn^ 
situ  (pitch  and  roll  bouy)  ocean  wavelength  sea  truth.  Figure  3 
(after  Vesecky  and  Stewart,  1981)  is  the  direction  of  wave  propaga¬ 
tion  obtained  from  the  SEASAT  SAR  and  again  compared  to  sea  truth. 
Based  on  this  data,  SEASAT  SAR  estimates  of  wavelengths  are  biased 
slightly  high  and  the  average  error  is  -12  percent.  For  wave  direc¬ 
tion,  there  appears  to  be  no  significant  bias  and  the  average  error 
is  -15  degrees.  To  summarize,  the  SEASAT  SAR  wave  analysis  indicates 
dominant  wavelength  and  direction  can  be  measured  by  the  SEASAT  SAR 
provided  the  waves  in  question  are  evident  in  the  SAR  image  (Vesecky, 
et  al.,  1981).  Note  directional  wave  information  provided  by  a  SAR 
has  an  180*  ambiguity.  Selective  Doppler  processing,  as  reported 
earlier  (Shuchman  and  Zelenka,  1978)  can  resolve  this  180*  ambiguity. 
The  data  included  in  Figures  2  and  3  represent  significant  wave 
heights  in  the  1-5  m  range.  Ocean  wavelengths  shorter  than  100  m  in 
length  were  not  observed  by  the  SEASAT  SAR.  The  wind  speed  for  all 
the  above  observations  exceeded  3  m/s.. 

Figures  4-7  are  scatterplots  of  aircraft  SAR  derived  estimates 
of  wavelength  and  direction  versus  sea  truth  for  X-  and  l-band  data 
of  Marineland,  GOASEX  (aircraft),  and  Lake  Michigan.  These  results 
indicate  wavelength  information  does  not  appear  biased  and  is  accu¬ 
rate  to  -13  percent,  while  directional  information  is  also  not  biased 
and  accurate  to  within  -10  degrees. 

5.  WAVE  REFRACTION  AND  LONG  PERIOD  GRAVITY  WAVE  DETERMINATION 

Recently  completed  work  by  Shuchman  and  Kasischke  (1981)  has 
revealed  that  SEASAT  SAR  imagery  can  be  used  to  document  refraction 
of  gravity  waves  as  they  enter  shallow  coastal  waters  near  Cape 
Hatteras,  N.  Carolina.  Wave  direction  and  length  from  the  SAR 
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compared  favorably  to  wave  direction  and  length  computed  from  clas¬ 
sical  wave  refraction  techniques.  Linear  correlations  between  SAR- 
derived  and  model -derived  parameters  were  0.76  for  wavelength  and 
0.55  for  wave  direction  (significant  at  p  »  0.99).  Recent  investiga¬ 
tions  (Meadows,  et  al.,  1981)  indicate  that  the  correlations  can  be 
improved  significantly  if  the  effect  of  the  Gulf  Stream  in  modifying 
the  characteristics  of  gravity  waves  traversing  this  current  are 
taken  into  account. 

Additional  studies  by  Schwab,  et  al.  (1981)  and  Shuchman  and 
Meadows  (1980)  have  shown  that  aircraft  generated  SAR  directional 
spectra  taken  in  decreasing  water  depths  off  the  Lake  Michigan  shore¬ 
line  do  correlate  with  predicted  wave  refraction. 

SAR  data  has  also  been  demonstrated  to  be  capable  of  discriminat¬ 
ing  long  period  internal  waves  off  the  coast  of  southern  California 
(Apel,  1981)  as  well  as  in  every  major  ocean  basin  imaged  by  SEASAT. 
Recent  work  by  Meadows,  et  al.  (1981a),  has  demonstrated  the  ability 
of  SAR  X-band  data  to  successfully  image  low  amplitude  long  period 
signals.  The  signals  appear  to  correspond  to  a  "surf  beat"  generated 
by  the  incident  wind  wave  field. 

6.  LIMITATIONS  OF  SAR  IN  DETECTING  GRAVITY  WAVES 

There  are  limitations  in  using  a  SAR  to  image  gravity  waves,  but 
these  limits  are  still  in  the  definition  stage.  An  example  is  the 
recent  JASIN  experiment  where  the  SEASAT  SAR  successfully  imaged 
gravity  waves  on  thirteen  out  of  a  possible  eighteen  opportunities 
(Vesecky,  et  al.,  1981).  A  study  of  the  associated  sea  truth  data 
on  those  occasions  when  the  SEASAT  failed  to  image  gravity  waves  re¬ 
vealed  that  one  of  two  conditions  were  present:  (1)  the  waves  had  a 
very  low  significant  wave  height  (H^3  <  1.3  m);  or  (2)  the  waves 
were  traveling  in  nearly  an  azimuth  direction  with  respect  to  the 
radar  line  of  sight.  Additionally  the  wind  speed  and  direction  with 


respect  to  the  gravity  wave  appears  to  be  a  factor.  Kasischke  and 
Shuchman  (1981)  found  a  significant  linear  correlation  between  wave 
contrast  (or  wave  detectability)  on  the  SAR  data  and  wave  height. 
Earlier  studies  ty  Teleki,  et  al.  (1978)  revealed  that  on  X-band  SAR 
data  (collected  by  an  aircraft  mounted  SAR)  gravity  waves  were  clear¬ 
ly  more  visible  when  the  waves  were  traveling  in  a  range  direction 
with  respect  to  the  radar  line  of  sight. 

Work  has  also  been  done  on  determining  the  sensitivity  of  various 
radar  parameters  on  the  ability  to  discriminate  gravity  waves.  The 
important  radar  parameters  include  the  radar  wavelength,  the  SAR 
platform  velocity,  the  radar  look  direction,  polarization,  and  inci¬ 
dent  angle.  Teleki,  et  al.  (1978),  using  Marineland  data,  indicated 
that  optimum  wave  images  result  when  the  radar  is  looking  essentially 
up-wave  or  down-wave;  that  is,  when  waves  propagate  towards  or  away 
from  the  aircraft  in  the  range  direction.  Figure  8  (after  Teleki, 
et  al.,  1978)  is  a  graph  of  modulation  (wave  crest  to  trough  con¬ 
trast)  versus  radar  look  direction  for  X-  and  L-band  SAR  aircraft 
data  collected  from  Marineland.  Note  from  Figure  8  that  when  the 
SAR  is  looking  up-wave  or  down-wave  (i.e.,  SAR  line  of  sight  perpen¬ 
dicular  to  the  wave  crests),  higher  contrast  or  more  visible  waves 
result,  it  should  be  noted  that  the  significant  wave  height  was 
approximately  1.2  m  for  the  8-second  swell  presented  in  Figure  8. 
Range  traveling  waves  are  more  clearly^ discernablb  on  SAR  imagery 
because,  in  the  range  direction,  the^AR  uses  a  train  of  very  short 
pulses.  Therefore,  waves  traveling  in  range  appear  quasi -stationary 
relative  to  the  sampling  time.  Differences  in  modulation  depth  of 
range  traveling  waves  (Figure  8)  also  indicate  that  better  quality 
wave  images  can  be  generated  with  X-band  (HH)  than  with  L-band  (HH) 
radar.  Consequently,  wave  spectral  peaks  derived  from  X-band  images 
can  usually  be  more  accurately  defined  than  those  from  L-band. 

A  possible  explanation  for  the  higher  quality  of  X-band  imagery 
was  given  by  Shuchman  and  Zelenka  (1978)  who  suggested  that  X-band 
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data  have  a  larger  depth  of  focus  than  L-band,  and  therefore  the 
waves  moving  in  the  azimuth  direction  are  not  appreciably  defocused 
as  commonly  occurs  on  L-band  images  of  comparable  resolution.  The 
X-band  also  incorporates  a  shorter  synthetic-aperture  length  or  in¬ 
tegration  time  than  L-band,  hence  reducing  motion  errors. 

A  further  X-  and  L-band  comparison  is  given  in  Figure  9.  Fig¬ 
ure  9  represents  a  two-dimensional  fast  Fourier  transform  (FFT)  of 
simultaneously  obtained  X-  and  L-band  SAR  data  from  GOASEX.  The 
data,  all  collected  within  30  minutes,  represents  a  10.2-second  swell 
with  a  2.5  m  significant  wave  height.  Note  from  the  figure  that  for 
this  higher  wave  height  and  longer  ocean  wavelength,  SAR  imaging  of 
the  gravity  waves  is  less  sensitive  to  frequency  and  radar  look 
direction  (compared  to  the  Mar  ineland  data).  Figure  10  represents 
one-dimensional  direction  distributions  (180*)  of  the  relative  magni¬ 
tude  of  energy  at  the  dominant  wavenumber  of  the  data  presented  in 
Figure  9.  Also  plotted  are  the  wavenumbers  immediately  above  and 
below  this  peak/value.  Figure  10  indicates  there  is  no  significant 
change  in  the  directional  spectral  width  of  the  six  SAR-derived  ocean 
spectra. 

7.  SUMMARY  AND  RECOMMENDATIONS 

This  paper  has  presented  evidence  that  both  aircraft  and  space- 
borne  SARs  have  the  capability  to  detect  gravity  wavelength  and 
direction.  It  should  be  mentioned  when  utilizing  SAR  data  such  as 
presented  in  this  paper  that  the  spectral  estimates  presented  are 
wave  number  and  directional  spectra  of  the  radar  return  intensity. 

The  data  do  not  represent  wave  height  information  in  a  direct  sense. 
SAR  intensities  (i.e.,  crest  to  trough  modulation)  have  been  success¬ 
fully  correlated  to  wave  heights,  but  the  exact  mathematical  modula¬ 
tion  transfer  function  (i.e.,  SAR  gravity  wave  imaging  mechanism)  is 
not  totally  understood  at  the  present  time.  Obviously,  a  mathemati¬ 
cal  expression  describing  the  SAR  Imaging  needs  to  be  developed. 
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In  general,  when  ocean  waves  are  visible  on  the  SAR  imagery,  they 
represent  the  dominant  wavelength  and  direction  that  the  jn.  situ  sea 
truth  indicates.  The  accuracy  of  the  SAR  estimate  of  dominant  wave¬ 
length  is  typically  within  15  percent  and  the  direction  of  propaga¬ 
tion  is  accurate  to  within  15*. 

The  ability  of  SAR  to  successfully  image  gravity  waves  is  depend¬ 
ent  on  both  the  oceanographic  environmental  parameters  as  well  as 
SAR  system  (imaging)  parameters.  Generally,  waves  propagating  either 
towards  or  away  from  the  radar  line  of  sight  are  most  easily  detected 
by  the  SAR. 

More  research  is  needed  exploring  the  use  of  SAR  to  detect  wave 
height  so  that  true  power  density  spectra  can  be  obtained  from  the 
SAR.  Presently  the  spectrum  of  the  SAR  intensity  is  not  being  fully 
utilized.  The  spectrum  shape  as  reported  by  McLeish,  et  al.  (1980) 
and  Vesecky,  et  al.  (1981a)  appears  to  most  closely  resemble  a  wave 
height  spectrum  than  a  slope  spectrum.  A  mathematical  expression 
for  the  SAR  imaging  mechanism  would  be  quite  useful  in  better  ex¬ 
plaining  the  SAR-derived  ocean  spectrum. 

SAR's  have  the  potential  to  remotely  sense  dominant  ocean  gravity 
wave  and  direction  of  propagation  throughout  the  ocean  basins.  Pres¬ 
ently,  SAR's  have  a  prohibitively  large  data  rate  when  operated  from 
satellites.  Techniques  need  to  be  explored  such  as  the  Hasselmann 
SIFT  algorithm  to  potentially  lower  these  data  rates. 
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ABSTRACT 


The  23  cm  wavelength  synthetic  aperture  radar  (SAR)  carried  aboard  the 
SEASAT  satellite  collected  ~  25  to  40  m  resolution  radar  images  of  the  ocean 
in  100  km  wide  swaths  ranging  in  length  from  ~  300  to  3000  km.  Here  we 
report  results  from  the  18  SEASAT  SAR  passes  during  the  Joint  Air-Sea 
Interaction  (JASIN)  experiment  conducted  off  the  west  coast  of  Scotland  in 
summer,  1978.  These  many  SAR  images;  when  coupled  with  the  intensive  ship, 
buoy  and  aircraft  measurements  of  the  JASIN  experiment;  provide  a  uniaue 
opportunity  to  assess  the  ability  of  satellite  SAR  to  measure  ocean  surface 
phenomena,  particular  surface  wave  fields.  In  this  study  we  use  only 
optically  processed  SAR  Images.  Although  gravity  waves  of 
length  ~80  to  300  m  are  often  seen  In  SAR  imagery,  they  are  not  always 
seen.  We  find  that  waveheight,  SAR  resolution  and  wind  velocity  are  important 
criteria  for  determining  wave  visibility.  Comparisons  between  SAR  and  buoy 
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estimates  of  dominant  wavelength  and  direction  agree  to  within  about  ±15%  and 
±11°  respectively.  We  use  a  focus  sharpness  algorithm  to  resolve  the  180° 
directional  ambiguity  of  SAR  image  directional  estimates.  SAR  estimates  of 
omnidirectional  waveheight  variance  spectra  agree  more  ^losely  with  waveheight 
than  waveslope  spectra  measured  by  buoys.  8y  noting  that  buoy  measurements  of 
significant  waveheight  (Hj/j)  correlate  with  peak  signal  to  noise  in  Fourier 
transforms  of  the  SAR  images,  we  can  measure  Hj/j  to  an  accuracy  of  ±3/4  m. 

In  the  images  studied  here  no  bold  large  scale  (<L  few  km)  features  persisted 
over  time  intervals  of  8  and  15  hours.  Ephemeral  features  resembling  internal 
waves  were  almost  always  found  over  seamounts  and  at  the  edge  of  the 
continental  shelf.  An  image  from  orbit  1006  shows  the  first  clear  observation 
of  roll  vorticies  in  the  surface  boundary  layer  over  the  ocean.  A  preliminary 
search  for  stationary  or  slowly  moving  oceanographic  ships  suggests  that  such 
ships  are  difficult  or  Impossible  to  detect  for  moderate  seas  and  wind  speeds 
>3.5  ms-*. 


Introduction:  The  23  cm  wavelength  synthetic  aperture  radar  (SAR)  car¬ 
ried  aboard  the  SEASAT  satellite  collected  -25  to  40  m  resolution  radar 
images  of  the  ocean  in  100  km  wide  swaths  ranging  in  length  from  ~  300  to  3000 
km.  A  description  of  the  instrument  is  given  by  Jordan  (1980)  and  preliminary 
results  from  all  SEASAT  instruments  were  given  in  the  June  29,  1979  issue  of 
Science.  Here  we  report  results  from  SEASAT  SAP.  observations  during  the  Joint 
Air-Sea  Interaction  (JASIN)  experiment.  During  this  experiment  (June- 
September,  1978)  many  surface  observations  were  made  by  ships,  buoys  and 
aircraft,  particularly  observations  of  the  wind  and  wave  conditions  which  are 
pertinent  to  evaluating  the  SAR  Images  (Pollard,  1979).  During  August  and 
September,  1978  SEASAT  SAR  imaged  the  JASIN  area  on  18  different  occasions. 
Examples  of  the  areas  Imaged,  and  their  relationship  to  the  surface 
observation  are  illustrated  in  Fig.  1.  These  many  images,  when  coupled  with 
the  intensive  surface  measurements,  provide  a  unique  opportunity  to  assess  the 
ability  of  satellite  radar  to  measure  surface  wave  fields. 

SAR  is  capable  (under  suitable  conditions)  of  sensing  a  large  variety  of 
ocean  surface  phenomena  including  long  gravity  waves  (with  wavelength 
A  greater  than  about  twice  the  SAR  resolution),  winds,  surface  currents, 
internal  waves,  ocean  fronts,  underwater  topography,  slicks,  ships  and  their 
wakes  (Beal ,  jsr^jjK ,  1981  and  Gower  jt_jl_. ,  1981).  The  SAR  image  is  basically 
a  high  resolution  map  of  the  radar  reflectance  (backscatter)  of  the  ocean 
surface  modified  by  surface  motion  effects.  Because  the  dielectric  properties 
of  the  ocean  surface  are  relatively  uniform,  variations  in  reflectance  are  due 
primarily  to  variations  In  the  surface  roughness.  In  particular  the 
reflectance  is  due  to  resonant  scatter  of  23  cm  radar  waves  from  ocean  waves 
with  A  ~ 30  cm.  The  resonance  is  typical  of  radiation  scattered  from  a 
lattice  and  is  usually  called  Bragg  scatter  (Bragg,  1933).  Because  SAR  uses 
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Fig.  1.  Joint  Air-Sea  Interaction  (JASIN)  experiment  area  showing  typical 
SEASAT  SAR  Image  swaths  and  sections  of  Images  used  for  wave  analysis. 
Wave  rider  buoys  are  denoted  by  C2,  C3,  etc.  Pitch- roll  buoys  were 
generally  deployed  In  the  FIA  area. 


the  phase  of  the  radar  echo  to  achieve  high  azimuthal  resolution  In  the  image 
(i.e.  to  correctly  locate  the  origin  of  a  given  echo)  motion  of  the  ocean 
surface,  which  introduces  a  phase  shift  in  the  scattered  signal,  causes  points 
in  the  image  to  be  displaced  from  their  true  position.  This  misplacement  is 
illustrated  in  Fig.  5  where  moving  ships  are  displaced  (along  the  direction  of 
satellite  motion)  from  their  wakes.  Spatial  modulation  of  surface  roughness 
and  suface  motion  (giving  rise  to  Doppler  shifts)  produces  the  majority  of 
ocean  surface  features  in  SAR  imagery.  Phillips  (1981)  describes  a  number  of 
ways  in  which  wind,  wave  and  current  can  modulate  decimeter  scale  surface 
roughness. 

Wave  Visibility  during  JASIN;  Although  gravity  waves  of  length  ~  80  to 
300  m  are  often  seen  in  SAR  Imagery,  they  are  not  always  seen.  In  our  study 
we  used  only  images  processed  optically  at  Jet  Propulsion  Laboratory  (JPL)  and 
Environmental  Research  Institute  of  Michigan  (ERIM).  We  find  that  three 
criteria  are  important  in  determining  wave  visibility:  wave  height,  SAR 
resolution  and  wind  velocity.  Alpers,  Ross  and  Reufenach  (1981)  point  out 
that  orbital  velocities  associated  with  surface  waves  produce  a  smearing 
effect  on  SAR  imagery  increasing  resolution  cell  size  especially  along  the 
azimuth  direction  (parallel  to  the  SAR  flight  path).  An  expression  for  the 
degraded  resolution  cell  length  Ay*  along  the  azimuth  direction  is  given  by 
the  above  authors  as  a  function  of  the  unsmeared  resolution  Ay  (~  25  to  40  m 
for  SEASAT),  radar  wavelength  x,  SEASAT  orbital  velocity  V,  distance  between 
radar  and  scattering  surface  R,  ocean  wave  amplitude  A,  angular  frequency 
Q,  wavelength  A  and  direction  relative  to  the  SAR  flight  path  $.  Knowing 
ty*  and  the  ocean  wavelength  along  the  azimuth  direction  Ay  =  A/cos^,  the 
number  of  samples  per  wavelength  ny  along  the  azimuth  direction  can  be 
calculated.  The  Nyquist  sampling  criterion  demands  ny  >  2  in  order  that 


waves  be  adequately  sampled.  Jain  (1978)  and  Vesecky  _et  _al_.  (1981)  have 
developed  wave  visibility  criteria  along  these  lines.  Because  of  the  roles 
played  by  waveheight  and/or  slope  In  wave  Imaging  mechanisms  (Alpers  et  al.. 
1981)  one  expects  wave  visibility  to  decrease  with  decreasing  significant 
waveheight  Hj/j  and  indeed  we  find  waves  are  seldom  imaged  for  1  1  m. 

This  waveheight  criterion  Is  probably  set  by  the  Influence  of  slopes  on  the 
modulation.  If  slopes  are  the  dominant  mechanism  modulating  the  normalized 
radar  cross  section  Og,  and  if  slopes  are  small,  then  so  too 

is  Ao  .  If  Ao  is  less  than  the  noise  level,  the  waves  are  invisible.  The  two 

o  o 

criterion  ny  ^  2  and  Hj/j  l  1  m  are  applied  to  the  SEASAT-JASIN  data  set  in 
Fig.  2.  All  ocean  wave  data  are  drawn  from  buoy  measurements.  Interestingly, 
theory  implies  that  there  may  be  both  a  minimum  below  which  waves  are  not 
imaged  and  a  maximum  H-|  /i  above  which  waves  traveling  near  the  azimuth 
direction  are  not  imaged  because  the  azimuthal  resolution  is  too  degraded  by 
wave  orbital  velocity. 

Since  wind  produces  the  30  cm  ocean  waves  which  the  radar  senses,  we 
expect  wave  images  to  disappear  when  wind  velocity  falls  below  about  3.5  m/s 
and  the  sea  becomes  calm.  During  the  SEASAT-JASIN  experiment  one  set  of 
images  showed  waves  while  surface  winds  ranged  from  3.5  to  15.2  m/s,  and 
another  set  of  images  failed  to  show  waves  while  surface  winds  ranged  from  6.6 
to  12.9  m/s.  It  Is  thus  apparent  that  wind  speed  was  not  a  factor  during  the 
SEASAT-JASIN  experiment  mainly  because  wind  speeds  were  always  above  3.5  m/s. 

Comparison  of  Wave  Measurements  by  SAR  and  Surface  Puovs  during  JASIN: 
During  the  SEASAT-JASIN  experiment  (4  August  to  11  September,  1978)  we  made  as 
many  buoy  wave  measurements  as  possible  during  periods  concurrent  with  18 
SEASAT  passes.  These  surface  measurements  Included  both  routine  JASIN  obser¬ 
vations  as  well  as  special  deployments  of  pitch-roll  buoys.  Typical  SEASAT 


N-6 


SIGNIFICANT  WAVEHEIGHT  (m) 


SEASAT  JASIN  EXPERIMENT.  SUMMER  1978 


A  WAVES  VISIBLE  IN  SAR  IMAGE 
x  WAVES  NOT  VISIBLE  IN  SAR  IMAGE 


N  NUMBER  OF  SAR  SAMPLES  BETWEEN  WAVE  CRESTS 
ALONG  THE  AZIMUTH  DIRECTION 


i.  2.  Oata  from  the  SEASAT-JASIN  experiment  plotted  on  axes  of  significant 
wave  height  Hyj  and  n^  the  number  of  SAR  resolution  cells  per  wavelength 
along  the  azimuth  direction.  These  data  fall  into  two  distinct  classes 
according  to  whether  or  not  waves  were  visible  in  SAR  imagery. 


SAR  coverage  is  shown  in  Fig.  1  and  Table  1  summarizes  the  proximity  of  SAP 
and  surface  wave  measurements. 

The  waverider  buoys  (such  as  Cl,  C2,  etc.  shown  in  Fig.  1)  measure  only 
the  frequency  spectrum  of  surface  height  variance.  The  pitch-roll  buoys, 
deployed  from  the  R.V.  Atlantis  II  and  M.V.  Discovery,  measure  directional 
waveheight  spectra  T(f,e)  where  f  is  the  frequency  and  9  the  direction  of 
wave  travel  relative  to  true  north.  The  spectrum  of  waveheight  variance 
yields  the  spatial  spectrum  of  waveheight  'i'C K , Q)  and  waves! ope 
l**  ( K ,  9)  variance  by  a  simple  calculation  (Kinsman,  1965). 

The  wave  measurements  from  SAR  imagery  made  here  are  based  on  a  simple 

assumption,  to  wit,  that  fluctuations  in  SAR  image  intensity  I(x,y)  are 

proportional  to  ocean  wave  height  fluctuations.  Under  this  assumption  '?(K,9) 

is  simply  proportional  to  the  magnitude  squared  of  the  two-dimensional  Fourier 

transform  of  the  intensity  fluctuations,  namely  |F(l(x,y)M  .  As  will  become 

clear  below,  this  assumption  is  not  precisely  correct.  However,  it  is  not  far 

wrong  (Vesecky _et _al_,  1981)  and  provides  a  convenient  working  hypothesis. 

Although  this  algorithm  is  straight-forward,  there  are  numerous  variations  to 

its  implementation.  First,  imagery  may  be  produced  by  either  optical  or 

digital  processing.  Here  we  have  used  optically  imaged  data  produced  at  the 

Jet  Propulsion  Laboratory  (JPL)  and  at  the  Environmental  Research  Institute  of 

Michigan  ^ERIM).  These  images  were  Fourier  transformed,  to  obtain  estimates 

of  the  dominant  wavelength  and  direction  using  the  assumption  together  with 
2 

the  peak  of  |F{l^|  and  its  location  in  the  (K,  9)  plane. 

Fourier  transforms  of  the  SEASAT-JASIM  imagery  were  obtained  in 
two  ways.  In  one  case  the  ERIM  images  were  optically  Fourier  transformed  and 
the  results  displayed  photographically  (Kasischke,  1980).  In  the  other  case 
the  JPL  images  were  digitized  at  intervals  corresponding  to  about  20  m  and  the 
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DOMINANT  “DOMINANT  WAVE  WAVE  BEAM-  WAVE  VISI- 

DATE  TIME  ORBIT  ‘SURFACE  SEPARA-  WAVELENGTH  (fli) _ DIRECTION  (JT)  WIDTH  (deg) _ B  It- 1  TV  (dB) 

(1978)  (UT)  NUMBER  BUOY  TION(km)  SAR**  I  SURFACE  SAR1f  I  SURFACE  SAR  I  SURFACE  PRR  I  S/M  (DEG) 


Surface  buoys  are  denoted  as  follows:  a,  Atlantis  II  pitch  roll  buoy;  b.  Ware  rider  buoy  moored  in  01A--see  Fig.  1;  c.  Discovery  Pitch  roll  buoy. 
’*The  direction  from  which  waves  arrive  Is  used  here. 

'“The  angle  ®lies  between  the  direction  of  satellite  velocity  ?  and  the  dominant  ocean  wave  vector  it. 

(Buoy  measurement  made  0742  -  0755  UT. 

^(S)  means  Stanford  measurement  only  and  (E)  means  ERIM  measurement  only. 


Fourier  transform  done  digitally.  The  results  were  then  displayed  graphically 
as  discussed  below  and  by  Vesecky  Jt.^!  (1981).  The  results  obtained  by  these 
two  methods  are  shown  in  Table  1. 

Table  1  summarizes  comparisons  between  SEASAT  SAR  estimates  of  dominant 
wavelength  and  direction  and  estimates  derived  from  the  surface  buoys.  If  we 
included  2  similar  comparisons  from  the  DUCK  EX  experiment  and  15  from  the 
GOASEX  experiment  (Gonzales,  _et__al_. ,  1981)  we  find  that  the  SAR  estimates 
agree  with  the  surface  buoy  estimates  with  an  average  error  of  ±15%  and  ±11° 
for  wavelength  and  direction  respectively.  In  making  the  comparison  for  the 
SEASAT-JASIM  experiment,  we  have  simply  averaged  the  two  SAR  wave  estimates 
based  on  JPL  or  on  ERIM  processed  imagery.  SAR  estimates  of  wavelength  are 
biased  high  by  about  10%  when  compared  to  buoy  measurements. 

Wave  estimates  obtained  from  SAR  imagery  on  the  basis  of  the  simple 
assumption  discussed  above  contain  a  180,>  ambiguity,  i.e.,  one  cannot 
distinguish  waves  traveling  along  direction  0  from  those  traveling  in  the 
opposite  direction  0+  180°.  Shuchman  and  Zalenka  (1978)  have  shown  that  this 
ambiguity  can  be  resolved  using  SAR  data  alone  by  special  focusing  of  the  SAR 
imagery  during  the  imaging  process.  The  difference  is  the  point  of  sharp 
focus  for  waves  relative  to  the  point  of  sharp  focus  for  land  reveals  the 
direction  of  wave  travel  either  away  from  or  toward  the  radar.  By  applying 
this  procedure  to  the  JASIN  data  set,  we  are  freed  from  relying  on  ad  hoc 
assumptions  (such  as  waves  always  traveling  toward  coasts  or  down  wind)  to 
resolve  the  180°  ambiguity  In  dominant  wave  direction. 

The  wavenumber  spectrum  of  surface  height  fluctuations  t(K,Q)  provides  a 
good  statistical  description  of  ocean  wave  conditions.  Using  SAR  Imagery  and 
surface  data  collected  during  the  SEASAT-JASIN  experiment  we  can  compare  SAR 
and  buoy  estimates  of  This  comparison  is  made  in  terms  of  two  statistics, 
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namely  the  omnidirectional  waveheight  spectrum  Y(K)  and  the  directional 
distribution  B( ft)  averaged  over  some  range  of  wavenumbers  from  Kj  to 
Kg.  Techniques  for  estimating  'P(K)  and  8(e)  from  pitch-roll  buoy  data  are 
described  by  Longuet-Higgins  et  al.  (1963).  For  the  SAR  estimates  we  have 
used  the  aforementioned  simple  assumption  and  Implemented  it  on  20  x  20  km 
sections  of  JPL  optically  processed  SEASAT  imagery.  The  images  were  first 
digitized  on  a  20  m  grid  and  then  processed  digitally.  Background 
fluctuations  related  to  the  point  response  of  the  SAR  (Beal,  1981)  and  to 
large  scale  (^.1  km)  SAR  image  intensity  changes  were  removed  by  assuming 
that  the  background  could  be  represented  by  an  isotropic  transfer  function 
Tg(K).  We  estimated  Tg  by  letting  Tg(K)  -  |F(I(x,y)}|^  where  |F|2  was 
averaged  over  directions  0  more  than  ■'30°  away  from  the  dominant  wave 
direction.  By  removing  the  background  we  obtain  a  more  realistic  estimate 
of  'f(K),  especially  at  high  wavenumbers  where  the  decreasing  response  of  the 
SAR  system  can  easily  be  confused  with  the  ~  K’4  decrease  expected  for  the 
ocean  wave  spectrum  (Phillips,  1977).  The  corrected  spectra  are  denoted  by 
Fr  where  Fj  =  TgFR  and  Fj  Is  the  image  Intensity  spectrum  before 
correction.  In  calculating  the  SAR  estimate  of  ?(K)  we  have  not  averaged  over 
all  directions  to  obtain  a  true  omnidirectional  spectrum.  Rather  we  have  used 
only  data  for  directions  within  about  il5°  of  the  dominant  wave  direction 
depending  on  the  directional  distribution.  Since,  in  most  cases  of  a  single 
dominant  wave  direction,  data  from  directions  away  from  the  dominant  wave 
direction  contains  only  background  fluctuations.  Its  Inclusion  would  only 
serve  to  raise  the  noise  level  In  our  SAR  estimate  of  ?(K). 

Fig.  3  illustrates  a  number  of  features  which  are  typical  of  comparisons 
between  SAR  Image  intensity  spectra  |FR(K)|^  and  buoy  measurements  of  ocean 
waveheight  and  waveslope  spectra.  The  peak  of  the  SAR  spectrum  is  ~  3  times 
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Fig.  3.  Comparison  of  SAR  image  spectrum  corrected  for  background 

hiwa^HnS  !S'R  P°1nt  resP°nse*  Ifr(K)I2  with  omnidirectional  wave 
Sht  SpeCt:a  T(K)  and  as  measured  by  pitch-roll 

buoy.  Both  |FR(K)|2  and  f  have  been  normalized  along  the  ordinate. 
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the  background  Indicated  by  the  horizontal  line.  The  peak  of  FR(K) 
corresponds  to  a  wavelength  some  10%  above  the  wavelength  of  the  peak  7  and 
20%  above  the  wavelength  of  the  peak  7‘ .  The  reason  for  this  bias  of  FR  (or 
Fj)  toward  longer  wavelengths  is  not  known.  A  simple  scaling  error  does  not 
appear  to  be  the  cause  since  the  same  bias  is  found  in  data  imaged  and 
analyzed  independently  by  three  different  research  groups  —  ERIM,  Stanford, 
and  Gonzales  _et_al_.  (1981).  The  shape  of  the  SAR  spectrum  corresponds  most 
closely  with  the  waveheight  spectrum.  Fig.  4  compares  SAR  and  pitch-roll  buoy 
estimates  of  the  wave  directional  distribution  near  the  dominant  wavelength. 
Note  that  the  SAR  shows  more  structure  than  the  pitch- roll  buoy.  Work  by 
Vesecky  _et  jK  (1980)  suggests  that  at  least  some  of  the  SAR  distribution 
structure  Is  real,  e.g.  bidirectional  distributions. 

In  theory,  SAR  signals  contain  information  about  waveheight,  but 
obtaining  this  information  in  useful  form  tends  to  be  difficult.  Jain, 

Medlin,  and  Wu  (1982)  have  shown  that  observations  of  speckle  diversity  on  a 
SAR  image  can  be  used  to  estimate  waveheight.  Our  data  indicate  a  perhaps 
simpler  approach.  The  peak  signal  to  background  noise  ratio  of  our  data  (S/N 
in  Fig.  3)  Is  correlated  with  significant  waveheight  (Hj^).  We  find  that  the 
data  from  Table  1  can  be  fit  by  a  linear  law  S/N  -  -0.17  +  1.73  with  a 

p 

coefficient  of  determination  R  *  0.64.  THus  can  be  directly  estimated 
from  SAR  Imagery  with  a  mean  error  of  about  ±3/4  m.  Thus  the  SAR  spectrum  of 
Fig.  3  would  correspond  to  *  3  m.  The  +3/4  m  error  compares  well  with 
the  accuracy  of  waveheights  determined  from  SAR  data  using  observations  of 
speckle  diversity  (Jain,  Medlln  and  Wu,  1982).  Further,  this  correlation  can 
be  used  to  produce  SAR  estimates  of  the  omni-directional  waveheight  spectrum 
which  yield  absolute  values  along  both  the  ordinate  and  abscissa  of  Fig.  3. 

Large-Scale  Features:  The  SAR  Images,  although  primarily  designed  to 
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Fig.  4.  Comparison  of  SAR  Image  directional  distribution  (for  a  band  of 

wavenumbers  aK  >  .022  m"1  to  .045  m"‘  surrounding  the  dominant  wavenumber) 
with  the  mean  direction  and  beam  width  of  the  dominant  waves  as  measured 
by  pitch  roll  buoy. 
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display  ocean  waves,  often  show  other  perhaps  more  interesting  features. 

These  appear  to  be  internal  waves,  oceanic  fronts,  slicks  and  the  spatial 
variability  (gustiness)  of  the  wind  speed.  Various  examples  off  the  U.S.  east 
coast  are  given  by  Beal  J^^l.  (1981).  Visual  examination  of  images  collected 
over  the  JASIN  experiment  also  revealed  a  number  of  interesting  features. 

To  determine  if  any  of  the  features  were  due  to  ocean  currents,  we  looked 
at  successive  sets  or  pairs  of  images  to  determine  if  any  feature  persisted 
(on  the  assumption  that  the  ocean  changes  slowly).  We  found  that  no  bold 
large  scale  features  persisted  over  times  of  8  hours  (4  different  sets  of 
images)  and  15  hours  (3  different  sets  of  images).  Because  the  image  pairs 
could  not  be  precisely  aligned,  small  weak  features  may  have  persisted,  but 
been  overlooked.  In  four  cases  land  in  the  image  was  used  to  register  the 
images  to  within  +1  kilometer.  In  the  other  three  cases  no  land  was  present 
in  the  imagery  and  the  superposition  was  less  accurate.  The  4  orbits  which 
produced  these  pairs  of  images  did  not  have  parallel  ground  tracks  and  so  the 
boundaries  of  the  image  swaths  Intersect  with  angles  of  about  110°.  Fig.  1 
shows  the  intersection  of  images  from  orbits  547  &  556.  Thus  the  viewing 
geometry  differs  considerably  between  the  two  images  in  a  pair.  From  these 
observations  we  conclude  that  either  the  features  were  not  persistent  and 
hence  not  oceanic  in  origin  or  that  the  conditions  for  sensing  the  phenomenon 
did  not  persist. 

Features  resembling  the  internal  wave  patterns  seen  In  LANDSAT  Images 
(Apel,  et  _al.. ,  1975)  were  almost  always  found  over  seamounts  and  at  the  edge 
of  the  continental  shelf.  The  patterns  are  ephemeral,  and  probably  depend  on 
the  stage  of  the  tide. 

The  Image  from  orbit  1006,  shows  rows  of  streaks  separated  by  either  1.3 
or  2.6  km  extending  over  an  area  of  at  least  100  x  200  km.  The  streaks  are 
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aligned  along  the  wind  direction,  and  the  surface  wind  speed  was  approximately 
12  ms'*.  Jones  and  Schroeder  (1978)  show  conclusively  the  L-band  radars  are 
sensitive  to  wind  speed,  and  we  identify  the  changes  in  SAR  image  brightness 
over  a  large  area  with  variations  In  wind  velocity  (c.f.  also  Valenzuela, 
1978).  This  then  is  the  first  clear  observation  of  roll  vortices  in  the 
surface  boundary  layer  over  the  ocean. 

On  orbit  556  an  area  roughly  50  km  In  size  appeared  very  dark  (very  low 
radar  reflectivity).  Several  sources  of  data  Including  ship  logs.  Infrared 
satellite  imagery  and  weather  synopses  indicated  that  a  thunderstorm  was  in 
the  area.  Apparently  rain  falling  In  the  area  smoothed  the  sea  and  damped  out 
the  ~30  cm  waves  which  scatter  the  radar  signal. 

Ships:  A  perusal  of  SEASAT  SAR  imagery  (e.g.  see  Beal  jtjfh ,  1981  or 
Fig.  5)  reveals  many  Images  of  stationary  ships  as  well  as  moving  ships  with 
their  attendant  wakes,  which  can  extend  ~  20  km.  In  only  a  few  cases  have 
searches  been  made  for  ships  with  known  positions.  V!e  have  searched  for 
oceanographic  ships  involved  In  the  JASIN  experiment  on  orbits  547  and  590 
using  imagery  which  was  optically  processed  at  JPL.  The  ships  that  should  be 
imaged  and  their  approximate  lengths  are:  R.V.  Atlantis  II  (66  m),  M.V. 
Gardline  Endurer  (53  m),  R.V.  Meteor  (82  m)  and  H.R.  M.S.  Tydeman  (89  m).  The 
ship  locations  in  latitude  and  longitude  at  the  times  of  SEASAT  SAR  imagery 
are  known  to  an  accuracy  of  a  few  km  or  less.  Without  special  processing  we 
are  usually  able  to  locate  points  In  SEASAT  Imagery  to  within  about  5  km. 
Allowing  an  additional  10  km  for  unknown  systematic  error,  we  expect  to  find 
ship  Images  within  15  km  of  their  estimated  position  in  the  Imagery. 

On  orbit  547  only  the  Atlantis  II  was  within  the  SAR  swath  and  a  ship 
Inage  was  found  12  km  from  the  estimated  position  on  the  image.  None  of  the 


N-16 


other  JASIN  ships  mentioned  above  were  within  the  SAR  swath  and  no  other  ship 
images  were  found  within  +100  km  along  the  same  25  km  wide  subswath.  Near  the 
Atlantis  II  position  the  dominant  swell  was  of  wavelength  A  -  170  m  out  of 
250°  with  Hj/3  *  1«6  m  while  the  wind  was  out  of  15°  at  3.6  ms-*. 

On  orbit  590  all  four  ships  were  within  the  SAR  swath.  However,  only  the 
largest  ship  (H.R.M.S.  Tydeman)  can  even  be  tentatively  identified  —  a  weak 
target  some  7  km  from  the  estimated  position.  Near  the  positions  of  all  the 
ships,  save  the  Gardline  Endurer,  the  dominant  swell  had  a  wavelength  of  222  m 
coming  from  250°  and  a  height  of  1.2  m.  The  wind  was  out  of  10°  at  6.6  ms-*. 

At  the  position  of  the  Gardline  Endurer  some  180  km  to  the  NW  the  wave 
conditions  were  approximately  the  same  while  the  wind  speed  was  5.2  ms-*. 

This  evidence,  taken  with  art  unsuccessful  search  for  the  R.V. 
Oceanographer  during  the  G0ASFX  experiment,  lends  us  to  conclude  that  Images 
of  stationary  or  slowly  moving  ships  (no  significant  wakes)  are  difficult  or 
impossible  to  detect  in  SEASAT  imagery  (optically  processed  at  JPL)  for 
moderate  seas  and  wind  speeds  greater  than  about  3.5  ms-*.  Thus  such  SAR 
imagery  cannot  be  routinely  used  to  determine  ship  positions  as  an  aid  to 
performing  research  at  sea.  We  emphasize  that  the  imagery  used  in  these 
searches  was  the  standard  data  product.  Improvements  in  resolution  and 
focussing  by  either  specialized  optical  or  digital  techniques  may  presumably 
improve  detection.  Fig.  5  Illustrates  ship  images  as  well  as  other  features 
as  they  appear  in  a  high  quality,  digitally  processed  SEASAT  SAR  image.  The 
wakes  of  faster  moving  ships  make  them  more  evident. 
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5.  SAR  image  of  the  English  Channel  off  Ostend,  Belgium  from  orbit  762. 
Several  ship  images  are  apparent,  both  stationary  and  moving.  Note  how 
the  ship's  velocity  relative  to  the  relatively  stationary  ocean  surface 
causes  the  ship  image  to  be  displaced  from  its  wake.  The  image  was 
collected  on  19  August  1978  at  0645  UT.  Four  look  digital  processing  was 
used  to  obtain  25  x  25  m  resolution.  (Image  digitally  processed  and  kindly 
provided  by  the  Norwegian  Defense  Research  Establishment). 
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